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Abstract
This thesis describes the simulation design and construction of optical parametric
oscillators (OPO) for intracavity interferometry. Intracavity interferometers use two
mode-locked pulses oscillating inside a cavity to perform very sensitive measurements
of the phase of light. Phase changes of less than 10−7 rad or length changes of less
than 10 femtometers can be resolved.
The main challenge to overcome in the execution of such a measurement is the
construction of a laser or OPO with two completely independent pulses inside the cavity. To this end the concept of harmonic pumping is developed and used to construct
a two pulse harmonically pumped OPO. This device demonstrates an unprecedented
sensitivity and long term measurement stability. In a demonstration measurement
it is used to measure the nonlinear index of refraction of lithium niobate in the near
infrared.

vii

An intracavity synchronously pumped OPO is investigated as a second option
for an intracavity interferometer. By placing the OPO gain crystal inside the cavity
of the pump laser, higher efficiency can be reached. Since the pump pulse passes
the OPO gain crystal twice in each round trip two OPO pulses are automatically
created. Past realizations of this concept have however shown severe amplitude
instabilities. This thesis uses an extensive computer simulation to analyze these
instabilities and to develop strategies to avoid them. With this new information
a stable intracavity synchronously pumped OPO and an intracavity harmonically
pumped OPO are constructed. The simulation is also applied to the investigation of
cavity auto stabilization with rubidium.
The simulation also reveals that semiconductor lasers, due to their short excitation life time, will not suffer from instabilities when used as intracavity OPO pump
lasers. A tapered amplifier semiconductor laser is constructed to pump an OPO,
but is found to be unsuitable. The current state of a project to construct a vertical
external cavity surface emitting semiconductor laser (VECSEL) is described.
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Chapter 1
Introduction
1.1

Overview

Ever since their first realization, measurements on the phase of light have been among
our most accurate tools to determine distances, material properties, rotations and
various other quantities. Most of these measurements employ some modification
of the Michelson Morley interferometer and are subject to the same problems and
limitations. This thesis investigates a different approach to phase measurements that
takes advantage of the extreme stability and accuracy that can be achieved in the
cavity of a mode-locked laser.
Consider a cavity with two mode-locked pulses circulating inside. For clarity we
will refer to one of the pulses as the reference and the other as the probe in the
context of interferometry throughout this document. The fact that the pulses are
mode-locked means that their frequency combs fit exactly the mode structure of the
cavity they are in. In this cavity we insert an element that has a refractive index
that is changing periodically with the round trip time of the pulses such that it is
always at a maximum when the reference pulse passes the element, and goes back to
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a minimum when the probe passes.
As a result the optical length L of the cavity is not the same for both pulses.
Their carrier frequencies are different by an amount ∆ν according to (Section 2.14)
∆ν
∆L
=
.
ν
L

(1.1)

If both pulses are interfered on a detector outside the cavity they produce a beat
note ∆ν with a frequency corresponding to the difference in optical cavity length seen
by both pulses. This is essentially the technique applied in a short pulse intracavity
phase measurement. With the devices presented in this thesis a beat note bandwidth
of less than 1 Hz can be obtained for light of 1.4 µm wavelength. This corresponds
to an uncertainty in optical cavity length ∆L of less than 10 femtometers or a phase
uncertainty of less than 10−7 rad. A factor of 10−8 below the wavelength limit.
The origin of the difference in optical cavity length depends on the particular
application: Sagnac effect [9] for rotation sensing (in a ring cavity [10, 11]), Kerr
effect for nonlinear index measurements [2, 12, 13], electro-optic effect for electric
field measurement [14], Zeeman effect for magnetic field measurements [15].

A

similar concept using a passive cavity has also been investigated [16], but suffers the
obvious limitation that the frequency ∆ν to be measured should be higher than the
inverse of the cavity lifetime.
The work presented as part of this thesis has as its main objective to build an
optical parametric oscillator (OPO) with two pulses in the cavity suitable for such
interferometry. The different approaches can be grouped as intracavity pumped
OPOs improving on the design described in Figure 1.2, and harmonically externally
pumped OPOs building on the design of Figure 1.3. The first two chapters cover the
theoretical background for both groups of devices.
Theoretical issues important to OPOs and their design are covered in Chapter 2.
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This chapter focuses on the underlying physical effects. It attempts to develop the
engineering background required to actually construct an OPO rather than the mathematically more detailed but in many ways incomplete theory required for simulating
it. It also introduces the concept of a harmonically pumped OPO and an intracavity
pumped OPO.
Chapter 3 describes the simulation of an intracavity pumped OPO to resolve the
difficulties encountered with intracavity pumping. This theoretical treatment points
out several possible ways to build a stable intracavity pumped OPO.
The experimental realization of a harmonically externally pumped OPO, a stable
intracavity interferometer with unprecedented sensitivity and stability is described
in Chapter 4. A measurement of the nonlinear index of refraction is demonstrated
with an accuracy and sensitivity outperforming the z-scan.
With the knowledge obtained from the simulation, it is possible to construct a
stable intracavity pumped OPO with a Ti:Sapphire pump laser by applying nonlinear
loss. The experimental realization of a stable two pulse intracavity pumped OPO
is described in Chapter 5. The electro-optic coefficient of a LiNbO3 modulator is
measured. A novel harmonically intracavity pumped OPO is demonstrated that
combines the advantages of harmonic pumping and intracavity pumping.
Another option for a stable intracavity pumped device is using a pump laser
with a short lifetime gain, such as a semiconductor laser. A Tapered Amplifier ring
laser has been designed to that end. While short pulses are successfully obtained
from the device, the pulse energy is insufficient to pump an OPO (minimum energy
required: 1 nJ). A description of this laser is contained in Chapter 6. While not
suitable for OPO pumping it has unique properties that make it interesting for other
applications.
The OPO simulation can also be applied to a variety of other laser systems. Much
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effort has gone into simulating the repetition rate stabilization anticipated from dark
line resonances in rubidium vapor. The current status of this effort is summarized
in Chapter 7.
A Vertical External Cavity Surface Emitting Laser (VECSEL) is an alternative
option as semiconductor pump laser for an intracavity pumped OPO. The development of a VECSEL for OPO pumping is in progress and a status report is included
in Section 8.2.
Finally there are numerous possible experiments and improvements that have not
been part of this work directly. These topics are summarized in Chapter 8. They
are intended as starting points when designing these experiments in the future.
The remainder of the present introductory chapter summarizes the previous work
done in this area. It starts out with a description of laser gyroscopes, which can be
viewed as continuous wave versions of intracavity interferometers, and then briefly
summarizes previous pulsed interferometers. It will become clear from this history
why a pulsed optical parametric oscillator (OPO) is the preferred laser configuration
for this application.

1.2

Previous Work

This section gives an overview of the existing material on intracavity interferometers.
It also describes the main problems and challenges of this technology. The focus of
this thesis is to overcome these problems. A brief summary is given of the evolution
from the conventional continuous wave laser gyroscope to short pulse gyroscopes,
emphasizing the successive improvements of measurement accuracy, usability and
range of applications to the state that the work of this thesis builds upon.
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1.2.1

Continuous Wave Laser Gyroscopes

Conventional continuous wave (CW) laser gyroscopes are a widely used example of an
intracavity phase measurement using the sagnac effect [11, 9]. These rotation sensing
devices are important instruments for navigation and their properties are very well
known. Much of this knowledge can be easily applied to short pulse intracavity
interferometers. A conventional laser gyroscope is a continuous wave ring laser with
light propagating in both directions through the ring. If the device is rotated, the
counter propagating beams experience different cavity lengths — the beam going
with the sense of rotation of the device sees a longer and the beam propagating
against the sense of rotation sees a shorter cavity. Since the phase change of either
beam over a complete round trip has to be a multiple of 2π, their frequencies have
to be different. If they are interfered on a detector outside the cavity, a beat note is
detected that is proportional to the angular velocity of the device.

1.2.2

Lock-In and Dead Band

The sensitivity of a laser gyroscope is limited by the lock-in effect. If the two couterpropagating beams pass a scattering medium (i. e. anything except a perfect vacuum), the medium reflects part of one beam into the other. For small angular
velocities this locks the frequencies of both beams together in a process called mutual injection locking: Since it is an advantage for either beam to be in phase with
the photons back scattered from the other beam, the beams favorably maintain a
fixed relative phase. Both beams then have the same frequency and a beat note is
not observed. If the difference in cavity length seen by the beams is large, the loss
associated with having a frequency that does not fit the cavity becomes larger than
the gain associated with frequency locking and the beams ”unlock”. That lack of
beat note response at small angular velocities is called a dead band. Figure 1.1 shows
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Figure 1.1: Typical dead band of a laser gyroscope [1].

a typical dead band. The figure also shows that even for beat notes well outside the
dead band, the response is not the desired linear relationship between beat note frequency and angular velocity. Conventional gyroscopes apply a variety of methods to
prevent the dead band. The most obvious one is to rotate the entire device to unlock
it and to periodically reverse the sense of rotation to deal with the non-linearity of
the response. Another way is to continuously move the mirrors to make sure back
scattered light is out of phase with the cavity mode (dithering). This, of course
introduces noise and does not necessarily remove all of the back scattering. With
the use of short pulses that cross in vacuum (or air) instead of a continuous wave
laser the problem of back scattering can be completely avoided and dead band free
devices are possible. This is one of the primary motivations to perform intracavity
interferometry with short pulses.
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1.2.3

Bias Beat Note

Air currents, nonlinear effects e. g. through intensity differences between the counter
propagating beams as well as the rotation of the earth can cause laser gyroscopes to
show beat notes even if no signal is intentionally applied to them. In the graph in
Figure 1.1 a bias beat note is not present since the regression line goes through the
origin. A constant bias beat note would shift the entire graph in the direction of the
x-Axis. Unless this bias beat note can be calibrated, it limits the accuracy of the
measurement.

1.2.4

Pulsed Intracavity Interferometers

The dead band observed in a CW laser gyroscope can be avoided in principle if instead
of a continuous wave, pulses are used and if those pulses cross in a medium with low
back scattering. Ideally this is vacuum, but the low back scattering coefficient of
air is sufficient for most applications. An additional advantage of using pulses is,
that the two counter propagating beams can be distinguished through the different
time they pass a certain point in the cavity. Using modulators inside the cavity
to manipulate one of the pulses then opens up a wealth of new applications. Back
scattering can also be intentionally introduced to create a dead band, which in turn
provides a measure of minute retro-reflection. The short duration of the pulse can
be exploited to provide spatial resolution (and distinguish between surface and bulk
scattering) down to micrometers, limited only by the length of the pulses.
The main challenge in building such a device is to design a laser with two completely independent pulses.
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Dye jet mode-locked Ti:Sapphire
The first successful implementation of a two pulse intracavity interferometer was a
Ti:Sapphire ring laser, mode-locked by a saturable absorber dye jet [14]. Two pulses
propagate in its cavity and meet inside the saturable absorber. Localization of the
meeting point at the absorber occurs because the higher intensity of the created
standing wave increases the saturation and minimizes the losses for both pulses.
The saturable absorber is moving fast enough to ensure that back scattered light is
out of phase with the pulses and does not contribute to a lock-in effect [17]. This
concept can be used to create both ring and linear lasers and it has been successfully
applied to measurements of air currents, electro optic coefficients [14], nonlinear
indexes [2, 12, 13], back scattering coefficients [18], rotations [19], and magnetic
fields [15]. It shows beat note frequencies in a range from below 100 Hz to about
50 MHz with an exceptional beat note stability. While the light waves interacting to
create the beat note have frequencies on the order of 1014 Hz, a beat note band width
of only about 1 Hz was observed. This value can be accounted for by mechanical
vibrations, such as motion of the cavity mirrors and air currents. It corresponds to a
length difference ∆` of only about 10 femtometers which is well below the wavelength
of the light in use (≈1µm).
Despite these impressive results, a dye jet mode-locked ring laser is not well suited
for use outside a lab environment. Besides the inconvenience of requiring a liquid
jet, dyes and their solvents pose health hazards. They can also introduce noise into
the laser system, which is generally unwanted. Furthermore it is difficult to confirm
that really no interaction between the pulses takes place in the saturable absorber.
There can also in theory be a coupling of the pulses through the gain. Even though
the pulses do not cross there, the gain lifetime is far longer than the round trip time.
The population inversion in the gain medium depends on its history and the gain
therefore “remembers” the effects of both the pulses. This could lead to a coupling
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of the energy of both pulses. In the simplest form this would cause one of the pulses
to have less energy than the other, creating an unwanted bias beat note through the
Kerr effect.

Two pulse synchronously pumped OPO

Figure 1.2: The two pulse synchronously pumped OPO by Meng et. al. [2]. The
pulse train from a Ti:Sapphire laser is divided by a 50/50 beam splitter and directed
from two sides into the OPO gain crystal (PPLN). This pump setup forms a interferometer and if aligned the complete pulse goes back into the pump laser. A strong
Faraday isolator (consisting of two polarizing beam splitters (PBS), a Faraday rotator, and a half wave plate (λ/2)) is required along with a robust pump setup to
avoid destabilizing the pump laser.

To overcome these problems it is necessary to move from a pulsed laser to a
pulsed OPO. The gain process in an OPO is difference frequency generation (DFG),
a nonlinear process that can be used to amplify a signal pulse at the expense of a
shorter wavelength pump pulse. This process is essentially instantaneous and there
is no storage of energy in the gain medium. As a consequence, the signal pulse
only experiences gain over the length of the pump pulse and therefore can not be
significantly longer than the pump in the absence of broadening mechanisms [i.e.
intracavity filter, or pumping of long OPO crystals (see Section 2.8)]. An OPO,
pumped synchronously with short pulses therefore does not require an additional
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mode-locking mechanism. The only element needed in the OPO cavity is the gain
crystal itself. The repetition rate of the pump pulses usually has to match the repetition rate of the OPO pulses which is why these devices are called “synchronously
pumped” OPOs. By choosing the right timing for the pump pulses it is possible
in principle to have two or more pulses oscillating in the OPO and to choose their
crossing point.
The first OPO designed for intracavity interferometry was synchronously pumped
from two sides into the OPO crystal [2] to create two pulses inside the OPO (Fig. 1.2).
This OPO showed a beat note bandwidth of several kilohertz. Since some mirrors
in this setup are passed only by one pump pulse train (e. g. the one pumping the
OPO gain from the right), there is a small difference in beam pointing between both
pulse trains that translates into a beam pointing difference in the OPO1 . If one of
the pump trains moves compared to the other, the spatial mode of the corresponding
pulse in the OPO changes along with it. That change is generally accompanied by a
small change in round trip length for that pulse. Measurements indicated a change
in beat note of 5 kHz/nm displacement of the gain spot (reference [3], Fig. 2).
This result points out an important design issue and at the same time demonstrates one of the largest advantages of intracavity interferometers: Most of the noise
is suppressed, because both pulses pass the same cavity elements in fast succession.
If, as happened here, there is one element only acting on one pulse much of that
advantage is lost. When this condition is fulfilled, there is still a random difference
in cavity length experienced by the two pulses because of mechanical vibrations,
which causes the broadening of the cavity modes to typically ∆νmode ≈ 1 MHz. It
has been shown [17] that, if Tvib is the vibration period of a mirror (which is responsible for the mode broadening), the beat note bandwidth ∆νb is only the fraction
∆νb = (τRT /Tvib )∆νmode of the mode bandwidth (τRT being the round-trip time of
1 The

change in beam pointing originates from motions of the mirrors and, more importantly, from beam pointing changes in the pump laser

10

Chapter 1. Introduction
the laser cavity).

Intracavity Synchronously Pumped OPO

Figure 1.3: The intracavity pumped OPO by Meng et. al. [3]. Four prisms are
inserted into the pump laser for dispersion compensation. The OPO crystal is cut
at Brewster angle, minimizing back reflection into the cavity mode, but also complicating alignment.

In an intracavity pumped OPO the OPO gain crystal is placed inside the pump
laser (Fig. 1.3). The pump pulse passes the OPO gain crystal twice per round trip
and generally creates and amplifies two signal pulses in the OPO. Both OPO pulses
are amplified by the same pump pulse and from the same spatial mode of the pump
cavity. There is therefore no problem with beam pointing instability as in the two
pulse synchronously pumped OPO of the previous paragraph. There is unfortunately
a complex feedback process from the OPO back into the pump laser [20], aggravated
by the Q-switch tendency of the pump laser, that causes this device to be unstable
and a beat note could only be recorded over short times (≈1 s) [3]. The detailed
explanation of these dynamics is the subject of Chapter 3.
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Chapter 2
General OPO Design and
Theoretical Background
2.1

Introduction

An OPO is essentially a laser that uses difference frequency generation (DFG, also
called parametric down conversion or simply parametric amplification) as its gain
mechanism. This process is based on electronic optical nonlinearities and therefore
is essentially instantaneous. There is no storage of energy inside the gain medium,
as there is in a laser. Consequently, if the OPO is pumped synchronously with
short pulses, the light inside the OPO also consists of pulses of comparable length
as the pump pulse. No further mode-locking mechanism is required. By adjusting
the timing of the pump pulses one can in theory have an arbitrary number of pulses
with arbitrary crossing points in the cavity. A review of OPOs for continuous wave
applications can be found in [21]. A short review of synchronously pumped OPOs is
available from Powers et. al. [22].
In this chapter we start by describing in very basic terms the process of DFG,
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and the associated issue of phase mismatch and quasi phase matching. This also
includes a brief investigation of non-collinear quasi phase matching as an option for
OPOs.
Section 2.6 presents a simple equation for the DFG process with the purpose of
estimating the gain. For pulsed systems we also have to be concerned by temporal walkoff, which will be treated in Section 2.8, and finally we have to determine
the optimal focusing of the pump and OPO beams (Section 2.7). The size of the
intracavity beams can be calculated with the ABCD matrix method. All OPOs in
this study share the same cavity setup and Section 2.12 presents a ABCD Matrix
analysis of this setup.
Finally there are some important points to make about the way two pulses from
an OPO cavity generate a beat note (Section 2.14).

2.2

Gaussian Beams

For several parts of this chapter the Gaussian beams that form in the cavity of a
laser or OPO are important. This section reviews their most important properties.
Solving Maxwells wave equation with the boundary conditions of an optical cavity
leads to a set of solutions called Gaussian beams [1]. They are propagating along
the optical axis z and are defined by a Radius of curvature
Ã

µ

z0
R(z) = z 1 +
z

¶2 !

(2.1)

with the Rayleigh range
z0 =

nπw02
,
λ

(2.2)
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and the beam parameter
Ã
2

w (z) =

w02

µ

z
1+
z0

¶2 !

(2.3)

.

w0 is the beam waist - the beam parameter at the focus. The lowest order Gaussian
beam (“TEM00 ”) has a Gaussian as its cross section. The electric field amplitude at
a distance r from the optical axis z is
Ã

!

Ã

!

w0
−r2
r2
Ẽ(r, z) = Ẽ0
exp
exp
−ikz
−
ik
+ iΞ(z) .
w(z)
w2 (z)
2R(z)

(2.4)

Ξ is called the Gouy phase shift
Ξ = arctan

2.3

µ

¶

z
.
z0

(2.5)

Difference Frequency Generation

DFG is the nonlinear interaction of three light waves, pump, signal and idler. If a
pump, a signal and an idler photon interact inside a medium with a non-vanishing
second order non-linearity χ(2) , the pump photon can be destroyed and a new signal
and idler photon are created that add in phase to the present signal and idler. Both
the signal and idler are thus amplified in the same way stimulated emission amplifies
light. The process has to conserve energy h̄ω, momentum k and phase φ
ωp = ωs + ωi

(2.6)

~kp = ~ks + ~ki

(2.7)

φp = φs + φi .

(2.8)

The subscripts p, s and i refer to pump, signal and idler. The higher frequency on
the right hand side of Eq. 2.6 is by definition the signal. In a doubly resonant OPO

15

Chapter 2. General OPO Design and Theoretical Background
both signal and idler are resonated in a cavity. Because of the phase condition (2.8)
signal and idler phases are then interdependent, while at the same time they have
to satisfy simultaneously the resonance condition of the cavity. Therefore, in such
doubly resonant OPO’s, and signal and idler cavities have to be carefully stabilized.
For an intracavity phase sensor it is important that the intracavity phase be free
to move with the applied signal. This is the case in a singly resonant OPO, where
only the signal wave is resonated and the idler builds up from random noise in each
passage of the gain medium. Consequently all OPOs considered in this work are
singly resonant.
If all three waves are moving in the same direction, equation 2.7 can be written in
scalar form. It can then easily be shown that, for a set of waves satisfying Eq. (2.6),
Eq. (2.7) can only be satisfied if the refractive indexes seen by the photons np , ns
and ni are all equal. Since the process happens inside a dispersive medium, this
condition is generally not fulfilled. The three waves propagating at different phase
velocities will get out of phase after a short distance, and the amplification process
is reversed. This phenomenon, called phase mismatch, is expressed as
∆~k = ~kp − ~ks − ~ki .

(2.9)

If ∆~k = ~0 the process is phase matched; a condition that can be satisfied if the
beams propagate in different directions. Since the beam diameters are small, such
an approach results in short interaction lengths. Exploiting the fact that, in a birefringent material, the index of refraction depends not only on the wavelength but
also on the polarization of the waves, phase matching can be achieved by choosing
different polarizations of pump, signal and idler and an appropriate propagation direction (birefringent phase matching). Another possibility is to change the properties
of the crystal periodically such that the phase of the generated signal changes as a
function of propagation distance. This process of quasi phase matching, illustrated

16

Chapter 2. General OPO Design and Theoretical Background
in Figure 2.1, is employed in all the devices described in this thesis.

Figure 2.1: The principle behind quasi phase matching. Curve A represents a perfectly phase matched signal, curve C is a second harmonic signal with regular phase
mismatch. After a propagation of `c , the fundamental and second harmonic are π
out of phase and the second harmonic is converted back. If the material is built such
that χ(2) switches sign after `c , the generated second harmonic obtains a π phase
shift as well and forward conversion to the second harmonic continues (curve B1 ) [4].
The grating period g of this grating is 2`c

2.4

Periodically Poled Grating Considerations

For a quasi phase matched medium the phase mismatch is compensated by a grating
of period g to satisfy
2π
∆~k =
n~g
g

(2.10)

where n~g is the vector normal to the grating. The grating can be tuned to the desired
wavelength combination by heating (changing mainly the refractive indexes but also
the grating constant) or changing the grating constant with a “fanned” grating. For
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a given grating one can also change the signal wavelength by tuning the pump. Note
that especially close to the degeneracy (where λs ≈ λi )1 a very small change in pump
wavelength leads to a much larger change in signal wavelength or alternatively to a
large change in the grating required to still reach the same signal wavelength. If the
pump source is not tunable a crystal with multiple gratings as well as a powerful
heater for temperature tuning should be used. Some nonlinear crystals such as the
periodically poled lithium niobate (PPLN) used in this work are subject to photo
refractive damage [4] and require heating to prevent or remove it. For undoped PPLN
the temperature required seems to depend a lot on the manufacturer of the crystal
(75 to 135◦ C). Of course it also depends on the intensity applied to the crystal. MgO
doped PPLN has a higher threshold for photo refractive damage and can be used at
lower temperatures, possibly even at room temperature. It has been reported [21]
that PPLN can be heated to above 800◦ C without destroying the grating. Since
heating causes convection and therefore noise, excessive heating is not advisable.
The MgO doped PPLN crystals used in this are used at temperatures from room
temperature up to 120 ◦ C. No damage was detected even when using a crystal at
room temperature in an intracavity pump setup. To stabilize the temperature with
the heater, a temperature of at least 5 to 10◦ C above room temperature was used.

2.5

Crystal Material

The material with the largest def f in the near-infrared is Lithium Niobate. The
complete description of d is a tensor from which the def f for all possible crystal
orientations and light polarizations can be calculated. A quasi phase matched crystal
is usually manufactured such that the def f of the material, neglecting the grating, is
equal to the largest element of the d tensor. The quasi phase matching grating itself
1A

region where the conversion efficiency is the highest, as shown in Section 2.6
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Name

Formula

MgO:PPLN
PPLN
PPKTP
PPRTA
PPGaAs

MgO:LiNbO3
LiNbO3
KTiOPO4
RbTiOAsO4
GaAs

def f
[pm/V]
16
16
9.8
10.1
94

Damage Threshold
[nJ/cm2 ] (10 ns Pulse)
10
10
15
15
?

Transparency
[nm]
330-5500
330-5500
350-4500
350-4500
997-17000

Table 2.1: Materials commonly used on quasi phase matched OPOs. The values for
def f are difficult to measure and vary a lot from crystal to crystal due to imperfect
gratings and different methods of growth. Additionally they are stated with or without the factor of 2/π that corresponds to the grating and it is not always indicated
if it is included. The values above include the factor and represent def f as used in
Eq. 2.19. Source: SNLO

has an effect on the actual def f of the crystal. This is because the modulation is not
the ideal sine, but a step function. As a result def f is reduced by a factor 2/π. The
second order susceptibility χ(2) is related to d by d = 21 χ(2) . Other than the def f the
crystal material may be important because of its transparency range, its dispersion
or its damage threshold. Some materials are listed in Table 2.1. The work in this
thesis uses MgO doped PPLN.

To select the propper crystal for an application, SNLO is a valuable tool. SNLO
is a program written by Arlee Smith from Sandia National Laboratories, available
from the web site www.sandia.gov. In particular it provides the correct grating, as
well as temperature tuning and pump tuning characteristics for a large number of
crystals. For birefringent phase matching, the correct angles and polarizations can
be calculated. It also has a tool simulating the 3 wave mixing process for a single
pass through a nonlinear crystal or the entire synchronously pumped OPO.
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2.6

An Expression for the Gain

This section reviews the simplified conventional model generally presented to treat
difference frequency generation [4]. It leads to a simple analytic formula which
will help highlight important design issues. A considerably more elaborate model,
appropriate for ultrashort pulse nonlinear optics, will be presented in Section 3.3.2.
Gain in a difference frequency generation process is created through the interaction of three waves - pump, signal and idler - at different frequencies. A subscript p,
s or i on a variable specifies it as a property of the pump, signal or idler wave. The
coupled wave equations for difference frequency generation describe the interaction
between the complex electric field amplitudes Ẽp , Ẽs and Ẽi in a nonlinear medium of
length z. According to [4], for plane monochromatic waves it can be written in the
time domain as
dẼs
iω 2 def f
= s 2 Ẽp Ẽi∗ ei∆kz
dz
ks c
dẼi
iω 2 def f
= i 2 Ẽp Ẽs∗ ei∆kz
dz
ki c

(2.11)
(2.12)

Where we have assumed that the pump wave does not change considerably during one
passage through the crystal. The pump amplitude Ẽp is thus treated as a constant.
ω and k are the angular frequency and wave vector of the interacting waves and c is
the speed of light in vacuum. The real electric field E is according to this definition
is
1
Ep,s,i = Ẽp,s,i e−iωp,s,i t + c.c.
2

(2.13)

For a crystal with grating period g
∆k = kp − ks − ki + kg = kp − ks − ki +
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is the phase mismatch. In a quasi phase matched crystal the k-vector of the domain
reversal grating is such that ∆k = 0 for the center wavelengths of the 3 waves. We
will therefore assume ∆k = 0 from now on. Since this condition is only exactly
fulfilled for one wavelength, the general case becomes important when investigating
the amplification bandwidth of the crystal, especially if the crystal is very long.
While dealing with short pulses, a long crystal is not desirable because of temporal
walkoff as will be explained in Section 2.8. An analytical solution of Eqs. (2.11, 2.12)
for arbitrary values of ∆k is given in [4]. Taking the derivative of Eq. 2.11 and
substituting Eq. (2.12) to obtain
ωs2 ωi2 d2ef f
d2 Ẽi
=
|Ẽp |2 Ẽi .
dz 2
ks ki c4

(2.15)

We introduce
ωs2 ωi2 d2ef f
κ =
|Ẽp |2 .
4
ks ki c
2

(2.16)

Since the parameter κ is real, we will assume in the following real electric field
amplitudes. This assumes that the incoming pump, signal and idler fields have the
correct phase for amplification. Since the idler build up from noise this is always true.
For different initial phases, back conversion to the pump is also possible. Eq. (2.15)
has the general solution
Ei (z) = C sinh(κz) + D cosh(κz).

(2.17)

The boundary condition is Ei (0) = 0. This allows us to obtain the solutions for both
real Ei and Es . We are only concerned with the signal for which we find
Es (z) = Es (0) cosh(κz).

(2.18)
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The gain is therefore
G(z) =

|Es (z)|2
= cosh2 (κz)
|Es (0)|2

(2.19)

The quantity |Ẽp |2 that is part of parameter κ is proportional to the pump wave
intensity. Assuming a square pulse we can express it in terms of the beam parameter
w, the pulse energy Wp and the pulses full width at half maximum τp :
|Ẽp |2 =

2.7

4Wp
²0 cnp πw2 τp

(2.20)

Optimal Focusing

One criterion commonly used to determine the optimal focal lengths is that the
length of the crystal should not exceed 5.68 times the Rayleigh range z0
z0 =

πnp w02
λ0

(2.21)

of the pump beam [4]. The reason for this limitation is mainly the Gouy phase shift
of a focused Gaussian beam [4]. np is the index of refraction at the pump wavelength.
The signal should have the same Rayleigh range as the pump. Using this relation one
can derive an expression for an optimal beam parameter w as a function of crystal
length `, assuming that optimal focal lengths are used.
v
u
u
opt
w0 = t

`λp
5.68πnp

(2.22)

The effective beam size in the crystal will be between the size at the focus and at
the crystal facet. The value of w at the facet wf is related to the value at the focal
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spot w0opt trough
v
u
u
opt t

Ã

`
1+
2z0

wf = w0

s

!2

=

w0opt

1+

µ

5.68z0
2z0

¶2

√
= w0opt 9.07.

(2.23)

So the actual effective beam size w is between those two limits
v
u
u
t

`λp
5.68πnp

v
u
u 9.07`λp
< wopt < t
=

5.68πnp

v
u
u 1.60`λp
t

(2.24)

πnp

For short crystals it may not be possible to focus a beam tight enough to reach
wopt because of other restrictions in the setup. The required focal length to create a
beam of Rayleigh range z0 from a near collimated beam of beam radius win can be
estimated as

fopt

πw0opt win
=
.
λp

(2.25)

Note that we assume here that the focusing takes place outside the crystal. The
relation between the focal length inside the crystal and the focal length inside is
fout =

nout
f .
nin in

The Rayleigh range transforms analogous z0,out =

nout
z .
nin 0,in

For a 2

mm crystal at a wavelength of λp = 790 nm and an incoming beam of win =1 mm,
wopt = 6.4 µm and fopt = 16 mm. Usually the OPO is pumped through one of the
mirrors that focus the signal into the crystal. It is then also necessary to have the
pump focal length larger than the signal focal length. Since the pump has a shorter
wavelength than the signal it should have a much larger diameter in order for both
focused beams to have the same Rayleigh range. It has proven helpful in this work
to increase the diameter of the pump beam with two curved mirrors before focusing
it into the crystal.
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2.8

Optimal Crystal Length

For a collinear setup the only things to take into consideration for the length of
a quasi phase matched crystal are temporal walkoff and possibly dispersion. The
temporal walkoff is caused by the different group velocities of the pulses passing
through the crystal. For a desired total walkoff time δ the corresponding crystal
length can be described as
`=

δc
,
ng − n0g

(2.26)

where c/ng and c/n0g are the group velocities of two pulses passing through the
crystal. Note that in order for Eq. (2.19) to hold it is necessary that the idler does
not walk away from the pump and signal pulses. This may be a stronger requirement
than the requirement that the signal should not walk away from the pump. If the
idler is allowed to walk away, the idler field in Eqs. (2.11, 2.12) has to be treated as
a constant and the gain increases linearly with length. A plot of the group index ng
as function of the wavelength for MgO:PPLN is shown in Figure 2.2.
δ can vary from 10 fs/mm to 1 ps/mm in PPLN depending on the choice of
wavelength. If one assumes that the crystal length should be such that the walkoff
during one passage through the crystal is equal to a fraction r of the pulses full width
at half maximum τp , the relation between pulse width and crystal length is δ = rτp .
r can be set equal to one. A more rigid criterion of a walkoff of r=1/4 of the full
width at half maximum will improve the shape of the OPO pulse at the expense of
gain per passage.
It turns out that the limited bandwidth due to the frequency dependence of ∆k
and the temporal walkoff are the time and frequency domain representations of the
same effect. Thus by avoiding temporal walkoff one automatically ensures a sufficient
gain bandwidth for the pulse length in use.
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Figure 2.2: Group index of MgO doped PPLN as function of wavelength according
to SNLO.

2.9

Optimal Pulse Shape

When combining Eqs. 2.19, 2.26, 2.20 and Eq. 2.24 we find that the pulse width τp
vanishes and we can obtain the gain as function of the pulse energy while assuming
that the crystal length as well as the focal length are chosen optimally:

v
³
´
u
u 2 2 2
u ωs ωi def f 4Wp πnp ng − n0g
rτp c 
t

G(Wp ) = cosh2 

4
ks ki c 1.60²0 cnp πτp cλp rτp ng − n0g 


v
u
2  ωs ωi def f u
t
= cosh 
2

c



v
u
u
2
= cosh 4πdef f t



4rWp
³

1.60²0 λp ks ki ng −
rWp

³

n0g

1.60²0 λp λs λi ns ni ng −

´



n0g

´


(2.27)

The gain as function of energy according to this formula is plotted in Figure 2.3.
Figure 2.4 shows the gain as function of wavelength. The fact that τp vanishes in
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Material
PPLN
PPLN
PPLN
PPRTA
PPLN
PPKTP
PPKTP
PPRTA
PPLN
PPLN
PPLN
PPLN
PPLN

λp
[nm]
≈800
523
1047
830
1064
1064
758
≈800
≈800
790
≈800
1064
1064

λs
[nm]
1150-2450
883-1285
1670-2806
1060-1225
1465-1565
1800-2500
1000-1235
≈1000
975-1540
1550
1040-1320
1450-1560
1450-1560

τp
[ps]
2
2
2
0.1
15·103
1·103
0.215
1
0.14
0.22
0.03
6
16

`
[mm]
6
3.2
6
2
19
20
7
8
1
0.8
0.5
19
19

f
[mm]
50s?
50s?
50s?
50s?
200p
500p
75p?
75p?
50s
?
50s
200p
200p

loss
[%]
2
2
2
?
1
25
30
4
1
3
6
10
10

δ λp → λi
[fs/mm]
131
456
46
105
?
?
?
?
100-300
?
100-300
?
?

Wp
[nJ]
0.24
≈2
0.51
3.15
37.5·103
0.24·106
2.0
1.11
0.52
1.36 ?
0.87
0.85
2.55

Ref.
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[2]
[32]
[33]
[33]

Table 2.2: Examples for experimentally realized configurations of synchronously
pumped OPOs. Listed are the crystal material, the pump wavelength λp , the signal
wavelength λs , the pump pulse length τp , the length of the crystal `, the focal length
f used to focus the signal (s) or the pump (p), the group delay δ between the pump
and idler wavelengths, the threshold pump energy Wp and the reference for the experiment. Values for the GVD are obtained from SNLO and may differ from values
stated in the respective references.

Eq. (2.27) indicates that, if the crystal length and focal length are chosen optimally
for the pulse width used, the pulse width no longer matters for the extracted gain.
Alternatively one can get the maximum gain from a crystal of any length by adjusting
the focusing and the pulse width to the crystal length. Note that this value for the
gain was obtained under the assumption, that the pump is not significantly depleted.
This is usually not true in an OPO in normal operation. It is true, however, when
the OPO is exactly at threshold or, more precisely at an infinitesimally small pump
intensity above threshold. The intracavity intensity in this case is very small and
the loss for the pump can be neglected even if the gain factor for the signal is rather
large. This is, of course, not a condition that can be maintained in a real setup as the
intracavity intensity increases very fast as the pump is increased above the threshold
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Figure 2.3: Gain of MgO:PPLN (starting from 1) according to Eq. 2.27 and second
harmonic (starting from 0) average power according to Eq. 2.31 as function of pulse
energy with optimal crystal length and focusing. We use the upper limit in Eq. 2.24
and r=1/4. Wavelengths are λp =790 nm and λs =1260 nm. For the second harmonic
(9)
a repetition rate of 100 MHz and a phase matching to the eighth harmonic (def f ) of
the domain reversal grating are assumed.

value. So even though Eq. (2.27) represents an accurate value for the threshold
condition, in most cases it cannot be used to describe an OPO in normal operation.

Different threshold pump energies have been reported for different OPO configurations. For comparison see Table 2.2. Generally the figure of 1 nJ is given as
sufficient for pumping an OPO. This is the main requirement we have to make to
any potential pump laser. The ideal crystal length and focal length for different pulse
widths is shown in Figure 2.5.

27

Chapter 2. General OPO Design and Theoretical Background

1.35
1.3
DFG Gain

1.25
1.2
1.15
1.1
1.05
1
600 800 1000 1200 1400 1600 1800 2000
Signal Wavelength [nm]
Figure 2.4: Gain of MgO:PPLN according to Eq. 2.27 and function of signal wavelength λs with optimal crystal length and focusing. We use the upper limit in Eq. 2.24
and r=1/4. The pump wavelength is λp =790 nm. The pulse energy Wp is 0.3 nJ.
The dependence of the group velocities and indexes on frequency is ignored. The
process is assumed to be always perfectly phase matched.

2.10

Comparison to the Second Harmonic

If the crystal in use can also be phase matched for second harmonic generation and
the mirrors and coatings used are suitable, the second harmonic can be helpful in
aligning the OPO. The strength of the second harmonic can also serve as an indicator
of how much gain is to be expected in the OPO. Assuming that the pump does not
change and ∆k = 0 the second harmonic fulfills the equation
dẼ2
iω 2 def f
= 2 2 Ẽp2
dz
2k2 c

(2.28)

which can simply be integrated to yield the field amplitude after a crystal of length `
Ẽ2 =

iω22 def f 2
Ẽ `.
2k2 c2 p

(2.29)
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Figure 2.5: Crystal length and optimal focal length as function of pulse length τp
assuming r=1. For the choice of the crystal length and focusing r should be chosen
rather high, in order to make the crystal long enough. For the estimate of the gain
an r of 1/4 is better to make sure the gain is not estimated too high.

We are interested in the average power of the second harmonic since that is what we
can easily measure. For a pulse repetition rate of 1/τrt
²0 cnπw2 ω24 d2ef f τp
1
τp
P¯2 = ²0 cnπw2 |Ẽ2 |2
=
|Ẽp |4 `2 .
2
τrt
8k22 c4 τrt
With the substitutions 2.19, 2.26, 2.20 and 2.24 this becomes
P¯2
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2 4
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2W 2 ω 4 d2
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=

8π 2 rWp2 d2ef f
³

1.60λ3p τrt ²0 n22 ng − n0g

´.

(2.31)

Note that the difference in group indices (ng − n0g ) here applies to the pump and
the second harmonic and can differ significantly from the (ng − n0g ) relevant to the
difference frequency generation gain. For the same reason, obtaining the second
harmonic intensity plotted in Figure 2.3 generally requires a different focal length
(and crystal length) than the difference frequency generation gain plotted in the same
figure. It is for that reason not possible to completely optimize the pump geometry
while observing the second harmonic.
With phase matching (PPLN) gratings used for difference frequency generation
it is usually possible to use a harmonic of the grating to achieve phase matching for
(n)

(1)

second harmonic generation. The def f of the nth harmonic is related to the def f of
the fundamental through
(n)
def f

µ
¶
def f
nπ
=
sin
n
2
(1)

(2.32)

The second harmonic can give valuable information about the gain to be expected
and can be used to align the OPO. The parametric fluorescence is only visible with
very high gain. A setup that is phase matched for parametric down conversion can
often be phase matched for second harmonic generation by changing the temperature
of the crystal and accessing a harmonic of the domain reversal grating. An example
of the second harmonic as a function of energy is given in Figure 2.3.
In this work it was found that even the un-phase matched second harmonic is
sufficient for aligning the OPO. Its beam profile is found to be close enough to
the profile of the signal to find a stable cavity and align the OPO if anti-reflection
coated crystals are used. This is not possible for Brewster cut crystals. The strength
of the un-phase matched second harmonic can also be useful. The second harmonic
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observed from the crystal in a working configuration was clearly visible on white
cardboard and strong enough to appear almost white to the naked eye. Weaker
second harmonic beams have a dark blue appearance.

2.11

Non-collinear Configurations

Non-collinear configurations can be used to introduce a spatial separation between
pump and signal outside the crystal. Instead of using a mirror that is coated at
high reflectivity for the signal and at high transmission for the pump, one can then
simply use two different mirrors for signal and pump. The single wavelength coatings required for these mirrors are easier to design and fabricate and yield higher
reflectivities than multi wavelength mirrors. Non-collinear setups are also useful to
counter group velocity mismatch in the crystal [34].

2.11.1

PPLN Gratings for Non-collinear Configurations

Since the k-vectors involve Sellmeier equations for the refractive index of the material
and depend on the direction of propagation in the crystal, condition (2.7) becomes
rather complex. In the general case it can only be solved numerically. A numerical
algorithm starts with an initial set of vectors. It adjusts a set of free parameters, e.g.
the PPLN grating constant and the angle of the idler to fulfill the phase matching
condition 2.9. Then it calculates the indexes based on these vectors and updates
the length of the vectors accordingly. This process can be repeated until the phase
matching condition is fulfilled to the desired accuracy. Usually only 3 to 5 iterations are required. Mathematica code to perform such a calculation is included in
appendix C.
In the more common case where one k-vector, e.g. the pump, is collinear with
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the PPLN grating normal the procedure is much simpler and the problem can be
treated analytically [20]. We can usually assume all angles to be small. The larger
the collinear angle, the further we deviate from the maximum value of def f for the
interaction. The angle is, of course also limited by the spatial overlap of the two
beams in the crystal.

2.11.2

Beam Separation through Brewster Cut

If a non-collinear setup is chosen with the intention of separating the two beams
outside the crystal the separation angle has to be large enough to assure a separation
of the diffracting beams. For a Brewster cut crystal, the separation between the
different frequencies outside the crystal due to diffraction is helpful but in general
not large enough to separate the beams alone. For a simple estimate we assume a
crystal that is Brewster cut for the pump and a signal that is propagating at an
angle γi with the pump inside the crystal. Outside the crystal pump and signal are
then separated by an angle
Ã

γo = arcsin ns sin

ÃÃ

Ã

1
arctan
np

!!!!

− arctan (np )

(2.33)

To get the actual separation angle Θ between the beams we have to subtract the
diffraction angles of both beams

Θ = γo −

λp + λs
.
πw0

(2.34)

For γi = 0 and assuming optimum focusing for a given crystal length, Θ > 0 only
for long crystals above about 15 mm.
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2.11.3

def f , Separation Angle and Beam Overlap for NonCollinear Setups
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Figure 2.6: The overlap of the two Gaussian beams.
For short pulses and crystals we can consider using a non-collinear setup to separate the beams. Besides the different grating discussed earlier, we need to consider
the change in def f and the smaller overlap of the pump, signal and idler beams
resulting from the non-linearity. It can then be estimated whether the additional
loss due to the non-collinearity in the crystal is compensated by the expected improvement in mirror reflectivity by about an order of magnitude. Following [4] we
can calculate that, when we change the signal k-vector by an angle β from the ideal
position, the def f simply drops off as def f cos(β). Note, however that this assumes
unfocused, plane waves and may be inappropriate for focused beams that contain a
set of different k-vectors.
Estimating the overlap poses similar problems. The electric field of the Gaussian
beam is described by Eq. (2.4). To obtain a reasonable estimate of the overlap it
is necessary to calculate the integral over the product between the pump and signal
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Figure 2.7: The change in efficiency resulting from loss in beam overlap as well as
decrease in def f as function of angle between the beams. The three curves represent
different crystal length assuming optimal focusing for that length. The angle is the
angle inside the crystal the wavelength of both waves is assumed to be 1 µm.

fields:
Z

Ẽp (r, z)Ẽs (r, z)drdz

(2.35)

Neglecting the phase terms in Eq. (2.4) and assuming an angle of β between the
otherwise identical beams

Oβ = Ẽ02

Z

Ã

!

Ã

!

w02
−r2
−(r + z tan(β))2
exp
exp
drdz.
w2 (z)
w2 (z)
w2 (z)

(2.36)

We can use this two dimensional treatment for the circular beam because we are
only interested in the ratio between collinear and non-collinear geometries. Any two
dimensional slice of the three dimensional structure will yield the correct result. The
drop in efficiency due to the reduction in beam overlap and the reduction in def f can

34

Chapter 2. General OPO Design and Theoretical Background
then be written as
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(2.37)

This integral is solved numerically with the “quadl” function of GNU Octave. The
result is plotted in Figure 2.7. It can be seen that for small angles there is only
a minimal reduction in overlap and a non-collinear OPO may be possible. This
treatment neglects, of course the spatial distribution of the idler. A complete solution
of the coupled wave equation in two dimensions would be necessary to include it,
which is not attempted in this work. The experimental realization of a non-collinear
OPO is also not part of this work.

2.12

Cavity Properties

The OPO cavity consists of two curved mirrors focusing the light into the gain crystal
and two flat end mirrors. The spatial beam profile inside the cavity was calculated
using the ABCD matrix or ray transfer matrix method. It is shown, for one possible
configuration, in Figure 2.8. A simple understanding of this cavity can be gained by
realizing that the curved mirrors need to image the focal spot inside the OPO gain
to a point beyond the flat end mirrors to form a stable cavity. Another important
thing to notice is that at a mirror, the wave front of the Gaussian beam has to match
the shape of the mirror.
A program to calculate the propagation of Gaussian beams (“Gabe”) and to
evaluate the stability of an optical cavity was developed for this project. It is written
in C++ and provides a graphical interface using the wxWidgets library.
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Figure 2.8: The beam parameter w throughout the four mirror OPO cavity. The data
was calculated using “Gabe”. By increasing the distance between the curved mirrors
(z ≈310 mm and z ≈420 mm), the beam diameter in the crystal (z ≈360 mm) can
be reduced. This also increases the beam diameter on the end mirrors (z ≈0 mm
and z ≈740 mm).

2.13

More than One Pulse in an OPO

To use the OPO as an intracavity interferometer it is necessary to have at least two
pulses propagating in the cavity. In principle it is simply the timing of the pump
pulses that determines how many pulses oscillate in the OPO and where they cross.
Previous work has shown, however, that a further requirement is that all pump pulses
come from the same cavity mode to cancel pointing instabilities in the pump pulses
(See Section 1.2.4, as well as references [35, 3, 2]). This requirement can be met in
an intracavity pumped OPO and in a harmonically pumped OPO.
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2.13.1

Intracavity Pumped OPO

In an intracavity pumped OPO the OPO gain crystal is part of the pump laser cavity.
The pump pulse passes the crystal twice per round trip and creates or amplifies one
signal pulse in each of those passages. Throughout this thesis we refer to the signal
pulse that is created or amplified by the pump pulse after it left the gain as signal
1. The signal pulse amplified on the pumps backward passage through the cavity
is signal 2. Since the pump is always weaker on its backwards passage, signal 2 is
generally weaker than signal 1. This is not to be confused with referring to the signal
pulses as “reference” and “probe” which we do in the context of interferometry. If
there are only two pulses in the cavity, both these nomenclatures obviously refer to
the same two pulses. We will later come across cases with more than two pulses
where the distinction becomes more important.
The intracavity OPO has been described in Section 1.2.4. With this technique
one obtains two pulses inside the OPO that have good pointing stability. Previous
systems of this kind have been unstable and this thesis presents a way to stabilize
them (Chapter 3). Even if stabilized, both OPO pulses have different peak intensity
and thus, through the nonlinear index of refraction create a bias beat note that
is proportional to the difference in the intensities of both pulses. If the average
intensity of the OPO fluctuates, the difference between the pulses fluctuates with
it. This causes intensity instabilities in the pump laser to translate into the beat
note which is a very undesirable property. This disadvantage is eliminated in the
harmonically intracavity pumped OPO described in the Section 2.13.3 below. An
intracavity pumped and a harmonically intracavity pumped OPO where build as
part of this work (Chapter 5).
Intracavity pumping does have the advantage of accessing the high intracavity
intensity of the pump laser. Since the critical problem in designing an OPO is
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reaching the high threshold intensity, this can be a large advantage. One can use
less powerful lasers as pump and achieve higher efficiencies.

2.13.2

Harmonic Externally Pumped OPO

If in an externally synchronously pumped OPO the cavity length is doubled such that
the repetition rate of the OPO is twice that of the pump laser, two pulses oscillate in
the OPO. All pump pulses come from the same cavity mode from consecutive round
trips and their relative pointing stability is good. The intensities of consecutive
pulses are equal or very close. Except for very special cases there is no difference on
average between the pump pulses pumping either of the two OPO pulses and thus in
any given round trip the OPO pulses can be considered nearly perfectly equal. This
novel concept is used in several devices in this thesis. Figures 2.9 and 2.10 show ways
to analyze such a system using equivalent path diagrams for each cavity. We can
also deduce some important properties by simple reasoning. The (optical) distance
between the two OPO pulses has to equal the distance between the pump pulses.
It is therefore equal to the length of one round trip in the pump cavity. Since the
OPO is twice as long as the pump, the distance between the OPO pulses is then
also equal to the length of the OPO cavity. Consequently, when one OPO pulse is at
one end mirror of its cavity, the other OPO pulse is at the opposite end. The pulses
cross exactly half way between the end mirrors. This conclusion is surprising at first:
where the pulses cross does not depend on the position of the PPLN crystal in the
cavity or on any other details of the setup. A realization of this concept is discussed
in Chapter 4.
An OPO of twice the pumps cavity length is only one special case of harmonic
pumping. Generally the ratio between the OPO and the pump cavity can be any
ratio of non divisible integers n/q, where n determines the number of pulses in the
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Figure 2.9: A timing diagram for a OPO with twice the cavity length of the pump
laser. The x-Axis represents time, which is proportional to the distance traveled by
the pulses. The uppermost arrow represents a series of events seen by the pump
pulse train. The gray rectangles mark the point in time when a pump pulse enters
the OPO gain medium. In this interaction a signal pulse is created or amplified.
The signal pulse created in the first passage is (in this case arbitrarily) called signal 1
or reference, the one created in the second passage is called signal 2 or probe. In the
third passage signal 1 is amplified and thus no new pulse needs to be introduced. The
series of events observed by the signal pulses is shown along the time arrows below.
The dark gray rectangle marks again a forward passage through the gain, the light
gray rectangle marks a backward passage. The dashed lines mark the passage of the
cavity end mirrors and the crosses mark the passage of the center of the cavity, which
is where the pulses cross in this setup. Below that the modulation signal derived
from the pump pulse train and the one applied to the modulator are shown. The best
position for the modulator is next to one of the end mirrors and the two passages of
the modulator would then be placed symmetric about the line representing that end
mirror in the diagrams for the signals.

cavity and q the number of round trips an OPO pulse has to complete before it is
amplified. An OPO of 2/3 the cavity length of the pump, for example contains two
pulses that each interact with the pump every third round trip. This concept has
been used by Esteban-Martin et al. [36] to create high repetition rate pulses from an
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Figure 2.10: Timing diagram for a setup with a length ratio of 2/3 between OPO
and pump. Backward passages through the crystal and crossing points are omitted.
The modulator can be driven by a signal that has half the frequency of the pump.
signal 1 would then encounter two round trips with high index and one with low
and signal 2 the opposite, resulting in a different overall phase shift. If a frequency
tripler is available the pump signal can be multiplied by three and divided by two to
provide a perfect modulation signal.

OPO with a cavity length of 13/14 times that of the pump. It can be used to obtain
more pulses without the requirement of a very short cavity for pump and OPO.
Additional pulses could be used in future experiments to simultaneously measure
several beat notes and thus obtain several data points at once. Fluctuations of the
measured quantity are then less important. It would also make it possible to detect
deviations from a straight line in the beat note response with high accuracy.
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2.13.3

Harmonic Intracavity Pumped OPO

In an intracavity pumped OPO, the harmonic pumping concept can be applied to
avoid the bias beat note. An intracavity pumped OPO where the OPO has twice the
cavity length of the pump would contain four OPO pulses. One pair of lower intensity
and one pair of higher intensity. The pairs of equal intensity can be interfered to
create a bias free beat note. A realization of this concept (with cavity length ratio
2/3) is described in Chapter 5. It combines the advantages of the intracavity pumped
and the harmonically extracavity pumped OPO. For example a intracavity pumped
OPO with twice the cavity length of the pump would have four signal pulses. Two
signal 1 pulses and two signal 2 pulses. We then would choose one of the signal
1 pulses as reference and the other signal 1 pulse as probe, since they have equal
intensity and thus do not produce a bias beat note.

2.14

The OPO as an Intracavity Interferometer

The creation of the beat note signal is more complex than the interference of two
continuous sine waves. The output beams corresponding to each intracavity pulse
consist in a frequency comb. The interference of these two beams result in the beating
of numerous pairs of frequencies. Only mode-locked lasers produce frequency combs
of which the spacing between teeth is rigorously equal, which is why sub-Hz beat
note bandwidths can be observed.

2.14.1

Different Models for the Beat Note

Phase measurements are typically performed by interferometry, in which a reference
and probe derived from the same coherent source are superimposed on a detection
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system. The detected intensity will be a function of the relative phase of the probe
and reference. The ability to measure very small phase shifts is limited by the
dynamic range of intensity detectors. In an intracavity approach, the reference and
the probe are the two pulses circulating in a mode-locked cavity, creating two output
pulse trains. The phase shift ϕ to be measured is applied at each round-trip τRT
to the probe pulse. The output pulse train associated with the probe is therefore
shifted in frequency by an amount ∆ν = ∆ϕ/(2πτRT ) corresponding to the phase
shift per round-trip.
Alternatively one can view the periodically applied phase shift as a way to make
probe and reference see different cavity perimeters P (in the case of a linear cavity,
P = 2L where L is the cavity length). The reference and probe pulse trains are thus
characterized by a carrier to envelope offset frequency f0,ref and f0,p , and the same
repetition rate 1/τRT . The result of superimposing the reference and probe pulse
trains on a detector is a beat note of frequency ∆ν = f0,ref − f0,p = ∆ϕ/(2πτRT ).
For laser light at frequency ν, a difference in perimeter ∆P (length ∆L) is thus
translated into a beat note ∆ν

∆ν =

∆P ν
∆Lν
=
.
P
L

(2.38)

The two different interpretations - a frequency difference due to a different optical
cavity length, and a continuously growing phase shift - are seen in any interferometer. The appearance of fringes in a Michelson Morley interferometer for example
can either be explained as a scanning through a phase difference between the two
interferometer arms or as a Doppler shift on the frequency in one arm, caused by
the motion of its end mirror. Both descriptions are equivalent and whichever is more
suited for a given problem will be used.
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2.14.2

The OPO Length Tuning Effect

The measurement we want to perform can be described as measuring the difference
in frequency for two laser cavities who are only different by their different optical
cavity length. The OPO length tuning effect is therefore an important factor. The
repetition rate of an OPO is dictated by the repetition rate of its pump. At least
on average the repetition rates of pump and OPO have to be exactly equal. When
the round-trip length of an OPO cavity is changed by an amount ∆P the cavity can
adapt to that change by using the wavelength dependence of the group index ng (λ)
in the nonlinear crystal and other cavity elements. If the OPO design permits it, the
pulse will change its center wavelength by an amount ∆λ or ∆ν and thus change the
optical cavity length of the OPO such that the repetition rate of the OPO and pump
are once again equal. The difference in optical cavity length resulting from a crystal
of length `c and a difference in group indexes ∆ng is simply 2`c ∆ng . And thus
∆ng =

∆P
.
2`c

(2.39)

For ∆P = 10−12 m and `c = 5· 10−3 m we obtain ∆ng = 10−8 . We can obtain data
about the group index at different frequencies from SNLO (function Ref. Ind.) to
find for the relation between wavelength and group index at λ = 1 µm (at 330o K)
µ

∆ng
∆λ

¶
1µm

|ng (999.5nm) − ng (1000.5nm)|
=
1nm
2.21186 − 2.21171
= 1.5· 10−4 nm−1 .
=
1nm
=

(2.40)

So we conclude that to compensate for a length change of 10−12 m, the wavelength
in the OPO cavity has to shift by
∆ng
∆λ = ³ ∆ng ´
∆λ

= 0.67· 10−4 nm

(2.41)

1µm
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or
∆ν = ν

∆λ
= 2· 107 Hz.
λ

(2.42)

Note that the strength of this effect can be tuned by adding or compensating for dispersion in the OPO cavity. It is important to note that this change of group velocity
does not affect the cavity modes directly, it rather moves the envelope function on
top of the mode comb. The beat note is taken between the modes of the cavity.
Consequently the length tuning effect only affect the contrast of the beat note, not
its value.
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Chapter 3
Simulation of an Intracavity
Pumped OPO

3.1

Introduction

There have been numerous schemes proposed and implemented to increase the efficiency of parametric optical amplifiers (OPA) by inserting them into a cavity,
resonant at the signal or idler frequency, or both to create an Optical Parametric Oscillator (OPO). Pulsed, externally pumped OPOs have been demonstrated as
synchronously pumped devices with a mode-locked pump laser [37, 38, 22, 39, 40] as
well as devices using a Q-switched pump source [41, 42]. Rather than to use coupled
cavities, it would appear simpler to insert the OPO in the cavity of the pump laser.
This approach has been used successfully with mode-locked dye lasers, synchronously
pumping intracavity an OPO [43, 44]. In this setup the OPO cavity generally contains two pulses that can be used for intracavity interferometry. It can be set up
as a ring or linear cavity with a linear pump laser. However promising as a highly
efficient alternative for synchronously pumped OPOs, there have been few realiza-
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tions of ultrafast intracavity pumped OPOs with solid-state lasers [3]. Difficulties
with the design and alignment outweigh their advantages. For a dye pump laser
Edelstein et. al. report a stabilization of the pump power due to the limiting effect
of the OPO on the pump [43]. We show here that it is also possible to observe an
opposite destabilizing effect, especially in a laser with a strong tendency to Q-switch
mode-locked operation such as most solid state lasers. We present a numerical simulation of an intracavity pumped picosecond OPO. While simulations of intracavity
pumped OPOs exist for continuous wave [45] and Q-switched [46] pump sources none
of these models can be easily applied to a continuously operating device with short
pulses. Our model includes the complete frequency dependence of the k-vector of
the 3 interacting pulses in the nonlinear crystal. The analysis carried out in the
frequency domain applies to ultra short pulses down to a few optical cycles. We use
this model to investigate the OPOs effect on the stability of the pump laser. We
compare some features of an experiment with the simulation and find that they are
in good qualitative agreement. The experimental results are obtained by Zavadilova
et. al. [5].

3.2

Experiment

The pump laser uses a Nd:YVO4 crystal (gain wavelength centered at 1064 nm) as
gain material, pumped with a 20 W continuous wave semiconductor laser source. The
laser is mode-locked using a GaAs-InGaAs – mirror structure, covered with a single
In0.25 Ga0.75 As quantum well. Two lenses focus the pulse into a 20 mm long PPLN
crystal. The generated signal at 1530 nm is resonated in a second cavity consisting
of two curved mirrors around the PPLN that are coated for high transmission of the
pump wavelength and are highly reflective for the signal. The idler is not resonated.
Of the OPO end mirrors one is highly reflective (≈ 99%) for the signal and the other
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Figure 3.1: The setup used in the experiment done by Zavadilova et. al. [5]. All
mirrors except for the OPOs output coupler have reflectivities of about 99 % at the
relevant wavelengths. The curved mirrors around the PPLN crystal are coated for
high reflectivity at the signal and high transmission at the pump wavelength. The
pump laser is pumped by a 808 nm laser diode capable of 20 W. A typical pump
power is 10 W.

is the output coupler with a signal reflectivity of 89%. The pulse width of the pump
pulse is 15 ps, a typical intracavity pulse energy is 50 nJ. The pulse intensity of the
OPO pulse is too small to be measured in a second harmonic auto correlation.

Intracavity pumped OPOs such as this one have a strong tendency for an unstable operation. This chapter is aimed at analyzing the dynamics of the device and
providing explanations for the experimentally observed instabilities as well as ways
to avoid them. Only experimental results relevant to the analysis of these dynamics
will be included in this chapter. For a complete description of the experiment refer
to [5].
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3.3

Simulation

The electric potential envelope Ṽ(t) or Ṽ(Ω) of each pulse is represented by an array
of 256 complex numbers Vn each of which is associated to a time point t or a frequency
Ω. The potential is related to the electric field by
s

Ṽ = Ẽ·

πw2
2

(3.1)

where w is the 1/e half width of the E field, corresponding to 1/1.177 of the FWHM
of the intensity. The beam is assumed to have cylindrical symmetry. The potential
rather than the field is chosen to represent the pulse because it is independent of w.
The changes due to each cavity element are calculated and applied to the envelope
in the order the pulse passes them in the cavity. This procedure is repeated until
the pulse shape reaches a steady state.
The model for the pump pulse circulation should be robust, so that the perturbation brought upon by the coupling with the signal and idler pulses has a minimal
effect on the pump laser operation. A saturable absorber/saturable gain combination is chosen for stable pulse generation. Such a model applies directly to the laser
described in the previous section, but can be adapted to any other laser system. For
instance, it has been shown that, to a certain approximation, Kerr lens mode-locking
can be modeled as an ultrafast saturable absorber [47]. Consistent with the laser
under study (Fig. 3.1) which does not include prisms or chirped mirrors for dispersion compensation, we neglect the cavity dispersion and Kerr self phase modulation.
Adding pulse compression by phase modulation and dispersion, such as occurs for
instance in the Ti:sapphire laser or in a dye laser, can be done easily with little
additional time required for numerical processing. The larger number of parameters,
however would make the search for stable solutions more time consuming. Furthermore, the addition of an additional pulse shaping mechanism may overshadow the
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physics of the interaction that takes place in the OPO crystal and that is the main
focus of this study. The following subsections explain the function of different parts
of the simulation. Important parts of the FORTRAN code are listed in appendix B.

3.3.1

Saturable Gain and Absorber

The gain element is modeled using the rate equation
d∆N
I∆N
∆N − ∆N0 ∆N + ∆N0
−
−
=−
R
dt
Is T1
T1
2

(3.2)

where I is the intensity of the pulse, ∆N (t) = N2 (t) − N1 (t) is the population
difference density, ∆N0 = −Ntot is the number density of emitting atoms, T1 the
upper level lifetime and Is = h̄ω/2T1 σ the saturation intensity of the medium, σ the
emission cross section and R the pump rate. By the substitutions
R0 = −R∆N0
1
1
R
=
+
Tp
T1
2
T1 Is
Is0 =
Tp

(3.3)
(3.4)
(3.5)

the rate equation becomes
d∆N
I∆N
∆N − ∆N0
=− 0
−
+ R0 .
dt
Is Tp
Tp

(3.6)

The first term on the right hand side of this equation describes stimulated emission
and absorption at the laser wavelength, the second spontaneous emission and the
third stimulated absorption at the pump wavelength. For the short time span the
pulse spends in the gain medium we neglect the latter two and write (3.6) as
d∆N
I∆N
=− 0 .
dt
Is Tp

(3.7)
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This can be integrated:
−

∆N (t) = ∆N (0)e

Rt

I(t)
0 T dt
−∞ Is
p

.

(3.8)

∆N (0) is the population inversion before the pulse enters the crystal. For the relatively small amplification factor through the gain medium, we obtain the transmitted intensity versus the incident intensity by integration over the thickness ` of the
medium of:
dI
= σ∆N (t, z)I(t, z).
dz

(3.9)

After passage of the pulse, the gain recovers according to:
d∆N
∆N − ∆N0
=−
+ R0
dt
Tp

(3.10)

which can be integrated over a round-trip time, to yield the population inversion
∆N02 before the passage of the next pulse from the pump cavity:
−

∆N02 = ∆N0 + R0 Tp + (∆N01 − (∆N0 + R0 Tp ))e

τRT
Tp

(3.11)

∆N01 is the population inversion right after the pulse leaves the crystal at the previous round-trip. ∆N02 is the same as ∆N (t = 0) in Eq. (3.8). The bandwidth
limitation established by the various components of the cavity is approximated by a
Gaussian filter. At each round-trip, the Fourier transform of the pulse is multiplied
by the Gaussian filter function.
The saturable loss is treated the same way as the gain. The only differences are
that there is no “pump rate R”, and that the spontaneous emission lifetime is shorter
– typically of the order of the pulse duration. As a consequence the spontaneous
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emission term in Eq. (3.6) can not be ignored. The rate equation for the population
difference ∆Na (t) of the absorber
d∆Na (t)
I∆Na (t) ∆Na (t) − ∆Na0
=−
−
dt
Is0 Tp
Tp

(3.12)

has as solution:
R 0
R t ∆Na0 t ( I(t00 ) + 1 )dt00 0
Is Tp
Tp
0
e
dt + ∆Na (0)
0 Tp
∆Na (t) =
R t I(t00 ) 1
.

e

0

(I

s Tp

+ T )dt00

(3.13)

p

In Eq. (3.13), ∆Na0 is the number density of the absorbing atoms, and ∆Na (0) is
the population difference density just before the pulse enters the absorber. Since
the relaxation time of the low temperature grown saturable absorber is much shorter
than the cavity round-trip time, we can assume ∆Na (0) ≈ ∆Na0 .
The same integration as in Eq. (3.9) is used to calculate the transformation of
the pulse envelope as it passes through the saturable absorber. Since we are dealing
with a single quantum well, we can assume ∆N (t) to be localized, and expect a high
accuracy even from a single first order numerical integration step in z.

3.3.2

Difference Frequency Generation

To include the frequency dependence of the index of refraction to all orders, the
difference frequency generation in the PPLN crystal is modeled in the frequency domain. Therefore, Maxwell’s propagation equations for the three fields are converted
from the time to the frequency domain.
For numerical convenience, it is desirable to shift all spectra to zero frequency, and
deal only with the spectral components that are covered by the pulse envelopes. Since
these spectra represent pulses propagating at the group velocity of the respective
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pulses, in the laboratory frame, the phase factor of each Fourier component will
take very large values with increasing distance z, making numerical computation
unnecessary challenging. It is therefore desirable to subtract any giant constant
phase factor (which has no physical significance) as well as choose a retarded frame
of reference, propagating at the group velocity of one of the pulses. Since the pump
pulse repetition rate is the primary clock of this system, it is natural to chose a frame
of reference for the three pulses moving at the pump group velocity.
The Fourier transform of Maxwell’s wave equation can be written [17] as:
"

#

∂2
Ω2
NL
+
²r (Ω) Ẽ(Ω, z) = −µ0 Ω2 P̃ (Ω, z)
2
2
∂z
c

(3.14)

where
²r (Ω) = 1 + χ(1) (Ω).

(3.15)

is the relative dielectric constant, and Ẽ(Ω, z) is the total electric field, which includes
the pump field centered at ωp , the signal field centered at ωs and the idler centered
at ωi . The three frequencies are related by
ωp = ωs + ωi .

(3.16)

We then substitute the complex envelopes
1
Ẽ p,s,i (Ω, z) = ãp,s,i (Ω, z)e−ik(Ω)z
2

(3.17)

and shift all pulses to the frequency origin to simplify the numerical treatment
Ẽp,s,i (Ω, z) = ãp,s,i (Ω + ωp,s,i , z)
kp,s,i (Ω) = k(Ω + ωp,s,i )

(3.18)

Ωp,s,i = Ω − ωp,s,i .

(3.19)
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Furthermore we account for the quasi phase matching grating with grating period
g = 2π/∆k through the use of a modulated nonlinear susceptibility χ(2) · exp(−i∆k).
To condense the notation we also define
−iωp2 χ(2)
4πc2 kp (Ωp )
−iωs2 χ(2)
=
4πc2 ks (Ωs )
−iωi2 χ(2)
=
4πc2 ki (Ωi )

Ap =
As
Ai

(3.20)

0

S(Ωs ) = Ẽs (Ωs )e−iks (Ωs )z
0

I(Ωi ) = Ẽi (Ωi )e−iki (Ωi )z
0

P(Ωp ) = Ẽp (Ωp )e−ikp (Ωp )z

(3.21)

as well as
0
kp,s,i
(Ωp,s,i ) = kp,s,i (Ωp,s,i ) − kp,s,i (0)

(3.22)

to separate the constant k-vectors at the pulses center frequencies from the remaining k dependence that varies throughout each pulse. As is shown in appendix A,
the coupled wave equations can then be approximated by the following convolution
equations
∂ Ẽp (Ωp )
0
= Ap (S ⊗ I) (Ωp )eikp (Ωp )z
∂z
∂ Ẽs (Ωs )
0
= As (I ? P) (Ωs )eiks (Ωs )z
∂z
∂ Ẽi (Ωi )
0
= Ai (S ? P) (Ωi )eiki (Ωi )z
∂z

(3.23)

where the operator ⊗ describes a convolution and ? a cross-correlation. In these
equations, the frequency argument takes symmetric values with respect to the origin,
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positive and negative, over a range of a few inverse pulse durations. As is detailed
in appendix A, the approximations made in the derivation of these equations do not
limit their applicability even to very short pulses of only a few optical cycles.
The indices n(Ωp,s,i ) are required to calculate kp,s,i . They are obtained from a
Sellmeier Eq. [48].
The change of electric field for each pulse due to the 3 wave interaction is obtained by integrating the set of Eqs. (3.23) over the thickness of the OPO crystal,
given a set of initial fields at z = z0 . The solution of this integration however does
not include the effect of the linear dispersion of the crystal on the phase of each
individual pulse, because the transformation (3.17) has removed the effect of dispersion. This transformation has to be reversed in order to get the complete electric
field. For propagation from z0 to z1 the reverse transformation is a multiplication by
exp[ikj0 (Ωj )(z1 − z0 )] where j takes the value p, s or i. It is in addition desirable to
use a frame of reference moving with the group velocity of the pump pulse:
0

dk0

Ωp
)(z1 −z0 )
2

0

dk0

Ωs
)(z1 −z0 )
2

Ẽp (Ωp , z1 ) = Ẽp (Ωp , z0 )ei(kp (Ωp )− dΩ |Ωp
Ẽs (Ωs , z1 ) = Ẽs (Ωs , z0 )ei(ks (Ωs )− dΩ |Ωp
0

dk0

Ẽi (Ωi , z1 ) = Ẽi (Ωi , z0 )ei(ki (Ωi )− dΩ |Ωp

Ωi
)(z1 −z0 )
2

.

(3.24)

due to the lower group velocity in the crystal. Since it is common to all three pulses
it is not relevant here. The inverse Fourier transforms of Ep,s,i (Ωp,s,i , z1 ) will be used
in the representations of the solution in sections 3.4 and 3.5.

3.3.3

Other Elements

There are other elements inside the cavity. While their theoretical background is
less involved, they can provide pitfalls and some details of their implementation are
worth mentioning.
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Transforming between Time and Frequency Domain
The transform of the pulse between the time and the frequency domain is done
with a fast Fourier transform (FFT) algorithm. The core part is a FORTRAN77
code copied out of [49]. It is adapted to work as part of the simulation, written in
FORTRAN95. The Fourier transform is defined to be symmetric with a factor of
√
1/ 2π for transformations both from and to the frequency domain. The FFT treats
the data slightly asymmetric. For an array with N = 2n samples in the frequency
domain, the array element N/2 − 1 contains the zero frequency component. The
samples from N/2 to N the increasing positive frequency components. Decreasing
from sample N/2 − 2 to sample 1 are the negative frequency components. Sample
N corresponds to both the negative and the positive component of the highest frequency that can be expressed in the time domain by the set of N numbers (Nyquist
√
frequency). After the FFT the data has to be scaled by ∆t/ 2π (the energy in the
time and frequency domain should be equal) and the sample size ∆t or ∆ω needs to
be calculated. Sample sizes in time and frequency domain are related by
∆ω =

2π
.
N ∆t

(3.25)

Initial Pulse Generation
The initial pulse is generated as a Gaussian with a given full width at half maximum,
sample number and pulse energy. For a given pulse width, the sample size ∆t or ∆ω
is chosen such that the pulse stretches over an equal number of samples in the time
domain and the frequency domain. For a Gaussian pulse with FWHM τp , this is the
case if
∆t = q

τp

(3.26)

N/2π
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Noise
Noise is modeled by adding a random number to both the real and imaginary part
of each sample of the electric potential. The random numbers are symmetrically distributed about zero to ensure that the Fourier transform of the noise is also random.
At present the same random seed is used in each run of the simulation.

Filter
Neither the gain nor the saturable absorber contain a frequency dependence. It is
simulated by an additional filter, that transforms the pulse to the frequency domain,
multiplies it with a Gaussian and transforms back to the time domain. By adjusting
the width of the filter, the pulse width in steady state can be adjusted. The width
of the real filter function models bandwidth limiting effects related the spectral dependence of the gain, and spectral properties of the cavity. A complex filter function
can also account for dispersion. The filter function is chosen such that a steady state
pulse of the desired length is achieved.

Output Coupler and Linear Loss
Linear loss simply multiplies a real number to the pulse. A linear intensity loss of T
percent transforms a pulse Ẽ0 (t) to Ẽ1 (t) as
s

Ẽ1 (t) = Ẽ0 (t)

100 − T
.
100

(3.27)

If the laser has an output coupler with about 10% transmission output pulse can be
approximated by
Ẽout (t) = Ẽ1 (t) − Ẽ0 (t).

(3.28)
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If, as common in intracavity interferometers the output pulse is extracted through
a highly reflective mirror this is not correct since most of the linear loss is not part
of the output measured through the output coupler. It is necessary to distinguish
between linear loss through the output coupler and linear losses elsewhere in the
cavity if a realistic value for the output intensity is needed.

3.3.4

Pulse Diagnosis

Maximum and Center of Mass
The maximum is simply the array element in the pulse with the largest absolute
value. While this value is easy to determine, it is limited in resolution to the sample
size ∆t or ∆ω of the pulse array. It can also jump if the pulse envelope has several
local maxima. A better behaved and more accurate measure is the center of mass C
of the pulse
R

C= R

t|Ṽ(t)|2 dt
.
|Ṽ(t)|2 dt

(3.29)

FWHM and Mean Square Deviation
To determine the full width at half maximum (FWHM) of the pulse the maximum
is determined. Then starting from the first and last elements of the pulse array, the
first elements that are larger than 1/2 of the maximum are found and the distance
between them is returned as the FWHM. Safeguards are necessary to avoid an endless
loop or crash when the largest array element is the first or last element. This method,
while fast, has the same problems as the function determining the maximum. Its
resolution is limited to ∆t and it can jump. A better yet slower way to determine
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the pulse width is the mean square deviation
ÃR
!2
R 2
t |Ṽ(t)|2 dt
t|Ṽ(t)|2 dt
− R
R

|Ṽ(t)|2 dt

(3.30)

|Ṽ(t)|2 dt

Energy
The energy of the pulse is calculated as
W = ²0 c

Z

|Ṽ(t)|2 dt

(3.31)

Area
For the coherent interaction with rubidium, a different application of the simulation,
it is necessary to determine the area of the pulse:
¯
¯
Z
¯
¯ p
¯
Ẽ(t)dt¯¯
A=¯

(3.32)

4h̄

Intensity and electric field
The pulse array elements in the simulation represent the electric potential. Functions
are necessary to convert to the electric field
s

Ẽ = Ṽ

2
,
w2 π

(3.33)

the power
P = ²0 c|Ṽ|2

(3.34)

and the intensity
I=

2²0 c|Ṽ|2
.
πw2

(3.35)
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3.3.5

Cavity Round Trip

The simulation propagates the shapes of five pulses: The pump pulse, the signal pulse
that interacts with the pump pulse on the pump pulses forward passage through the
crystal (referred to as signal 1), the signal pulse interacting with the pump on its
backward passage (signal 2) and the two idler pulses created in the interaction of the
pump pulse with the two signals. Since the idler is not resonated, the corresponding
pulse envelopes are set to zero after every round trip. To increase the stability of the
difference frequency generation component of the cavity it is necessary to decrease
the integration step size in z for the nonlinear element. Instead of one 20 mm long
slice of PPLN the simulation was applied to 20 slices of 1 mm
The pump pulse passes the following elements:
• A gain element as described in Section 3.3.1,
• a saturable absorber as described in Section 3.3.1,
• difference frequency generation as described in Section 3.3.2,
• a Gaussian filter applied in the frequency domain,
• and linear loss.
Each signal pulse passes:
• Difference frequency generation as described in Section 3.3.2, where it interacts
with the pump,
• a Gaussian filter applied in the frequency domain,
• an element that adds random noise to the pulse,

59

Chapter 3. Simulation of an Intracavity Pumped OPO
• and linear loss.
The idler pulses are generated from zero field in the difference frequency generation
process and are reset to zero after each round trip.
Each pulse is stored as an array Vn of complex numbers. Initially it is centered
in that array. The array represents the frame of reference and ideally moves at the
pulses group velocity to keep the pulse centered. In order to keep track of the relative
timings between the pulses and e.g. between the pump pulse and the gain, a variable
contains the offset time that is associated with the motion of the frame of reference of
the pulse. A change in this variable corresponds to a change in position and time of
the pulse along with its frame of reference. Saturable absorption and gain, through
a modification of the pulse shape, contribute to a modification of the average group
velocity in the cavity. As a result the pulse envelope moves at a speed different from
its frame of reference causing it to shift in the array Vn and eventually reach its
boundary. In order to prevent that, the pulse needs to be recentered frequently and
the offset time value has to be adjusted accordingly. Simultaneously the signal and
idler pulses need to be shifted in their arrays such that for a given array index n the
pump array element Vnp , the signal array element Vns and the idler array element Vni
correspond to the same point in time.

3.4

Analysis of the Dynamics

Each of the all solid state intracavity pumped OPOs known to the authors has shown
the problem of strong instabilities [50]. In the following subsections 3.4.1, 3.4.2, 3.4.3,
and 3.4.4 we reproduce and analyze in the simulation different kinds of instabilities
that where experimentally observed. In the following Section 3.5 we present strategies
to prevent instabilities and obtain a stable device. The phenomena that will be
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analyzed are: (3.4.1) Instability associated with a small mismatch between the cavity
lengths of the pump laser and the OPO, (3.4.2) OPO induced Q-switching, (3.4.3)
the operation with just one signal pulse in the OPO, and (3.4.4) apparently random
fluctuations in both signal energies together with a stable pump.

3.4.1

Length Detuning

The cavity length of a short pulse OPO has to be aligned such that the OPO pulse
overlaps perfectly with the pump pulse after each round trip. If the OPO length
is changed by a small amount from this optimal length the OPO pulse reacts by
shifting its frequency and thus changing the optical OPO cavity length in order to
once again overlap with the pump. This effect results from the frequency dependence
of the index of refraction in the PPLN crystal and therefore can only be simulated in
a Fourier domain model of the interaction. We confirmed that our model simulates
this behavior. This response is limited by the bandwidth of the OPO cavity and the
amplification process.
In this section we describe the result of a length detuning experiment in which the
length of the OPO cavity in the simulation and the experiment where altered from
their optimal value. The purpose of this investigation was to determine the level of
agreement between the experiment and the simulation. The length detuning behavior
depends on many aspects of the laser system, such as the exact pulse shape of the
pump pulse and the correlation between length detuning and frequency detuning of
the OPO pulse.
After addition of a Gaussian filter to the OPO cavity to simulate the limited
cavity bandwidth and the addition of random noise in each round trip the simulation
shows length detuning characteristics similar to the ones observed in the experiment.
Figure 3.2(a) shows an oscilloscope trace taken in the experiment when the length

61

Pulse Energy [nJ]

Chapter 3. Simulation of an Intracavity Pumped OPO

Pump
Signal

200

10
8

150
6
100

4

50
0
3500

2

4000

4500

0
5000

Roundtrip

(a)

(b)
Pump
Signal

Pulse Energy [nJ]

120

10

100

8

80

6

60

4

40
2

20
0
4500

5000

5500

0
6000

Roundtrip

(d)

Pulse Energy [nJ]

(c)

Pump
Signal

100

10
8

80
6

60
40

4

20

2

0
3000

3500

4000

0
4500

Roundtrip

(e)

(f)

Figure 3.2: See Figure 3.3 for caption.

of the OPO cavity was slightly too short to match the round trip time of the pump.
Figure 3.2(b) shows the result of the simulation for this situation. In both figures the
fluctuations have a characteristic time of about 150 round trips. This time is mainly
determined by the steepness of the rising edge of the pump pulse. It does not depend
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Figure 3.3: Effect of a length mismatch between pump cavity and OPO cavity in simulation (left) and experiment (right). Figure 3.2(b) shows the result of the simulation
with the OPO cavity slightly too short to match the pump, Figure 3.2(a) shows a
result from the experiment for the same situation. The following figures correspond
to optimum length match in experiment (Fig. 3.2(c)) and simulation (Fig. 3.2(d)).
The behavior is different when the OPO length is slightly above the optimal value
(Fig. 3.2(e) and 3.2(f), as well as 3.3(a) and 3.3(b)). Finally, for a comparably large
positive detuning (Fig. 3.3(c) and 3.3(d)), the behavior resembles that observed with
a small negative detuning (Fig. 3.2(a) and 3.2(b)). This asymmetry may be related
to an asymmetry in the shape of the pump pulse.

directly on the pump power or the loss to the OPO. Signal pulses develop from noise
near the peak of the pump pulse, but after few round trips get ahead of the pump and
die down again. Since the rising edge of the pump pulse is comparably steep this is
observed only over a narrow range of length detuning. Figures 3.2(c) and 3.2(d) show
the behavior for a perfectly matched OPO cavity. The intensity of the diode pumping
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the Nd:YVO4 crystal in the experiment as well as the pump rate in the simulation
are lower here than in the previous configuration (Fig. 3.2(a), 3.2(b)). Besides the
length of the OPO cavity the pump rate was the only parameter that was altered
throughout the configurations detailed in Figures 3.2 and 3.3, in both simulation
and experiment. Figures 3.2(e) and 3.2(f) show the results for an OPO cavity that
is slightly too long. The signal becomes unstable with only little perturbation of the
pump. The phenomenon is analogous to the one shown in Figures 3.2(c) and 3.2(d):
A strong signal pulse builds near the peak of the pump pulse, but falls behind
after a number of round trips. The characteristic time of this oscillation is much
longer than the one observed in Figures 3.2(c) and 3.2(d) due to the comparably
flat trailing edge of the pump pulse. The signals instabilities grow and develop into
a series of separated bursts as the OPO cavity length increases further (Fig. 3.3(a)
and 3.3(b)). Finally (Fig. 3.3(c) and 3.3(d)) the signal returns to a pattern that
looks very similar to the pattern observed in Figure 3.2(a). The characteristic time
is the same as observed in Figures 3.2(c) and 3.2(d), even though the phenomenon
is different: The large length detuning makes the signal pulse move fast through the
long trailing edge of the pump pulse while in figures 3.2(c) and 3.2(d) a comparably
small detuning moves the signal pulse through the much steeper leading edge of the
pump pulse.

In all parts of Figures 3.2 and 3.3 only one of the two counter propagating signal pulses in the cavity is present. The simulation predicts that with the cavity
configuration used in the experiment it is not possible to have both signal pulses
oscillate in the OPO. The signal 2 usually dies down at the expense of signal 1 (see
Section 3.4.4).
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Figure 3.4: The pulse energy of the pump pulse as a function of round trips in the
simulation. The OPO is disabled.
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Figure 3.5: The pulse energy of the pump pulse as a function of round trips in the
simulation. The OPO is enabled with a 4 % output coupler.

3.4.2

OPO Induced Q-Switching

In this case both the pump laser and the OPO show strong power fluctuations associated with self Q-switching. When the OPO beam is blocked inside the cavity, the
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Roundtrip
Figure 3.6: The pulse energy of the pump pulse (dashed line) and one of the signal
pulses (solid line) as a function of round trips. The OPO is enabled with a 4 %
output coupler.

pump becomes stable.
We simulated two different configurations:
• The operation of the pump laser without the OPO (Fig. 3.4).
• A setup with a 4 % output coupler in the OPO cavity. This modification was
tested in the experiment and it was not possible to achieve stable continuously mode-locked operation. The simulation showed Q-switch mode-locked
operation in both the pump and OPO cavity (Fig. 3.5).
The simulation thus shows the same destabilization of the pump as observed in
the experiment. With the data from the simulation we can explain this behavior.
The energy loss the pump pulse experiences while passing through the PPLN
crystal is proportional to the energy of the signal pulse. Due to the low loss in the
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OPO this feedback of the signal pulses has to be taken into account and due to
the high photon lifetime of the OPO the feedback is not instantaneous. Figure 3.6
suggests that it is this feedback from the OPO to the pump that causes transient
oscillations to be amplified and lead to a Q-switch mode-locked operation of the
pump. In some cases in experiment as well as simulation stable continuous modelocking may be achieved by increasing the pump rate or introducing a loss in the
OPO (see Section 3.5.1).
The simulation also showed a regime of strong chaotic power fluctuations between
pump and signal associated with strong distortions of the pulse shapes when the
signal pulse energy approaches the energy of the pump pulse. The pulse distortions,
however, cause the pulse to reach the boundaries of the array it is stored in and
the simulation can no longer be considered to be valid. But we can conclude that a
regime of chaotic feedback may exist for a sufficiently strong interaction in the PPLN
and sufficiently long photon lifetime in both cavities.
The transient dynamics of the pump and signal waves of a continuous wave (as
opposed to mode-locked) intracavity pumped OPO have been studied by Thurnbull
et. al. [45]. One of the findings is that the OPO cavity can intensify the transient
power oscillations for example associated with switching on the pump mechanism
of the laser. According to [45], the power of the laser without the OPO shows a
damped oscillation after it is switched on. After addition of the OPO, the damping
of this oscillation is decreased (i. e. the transient oscillation persists longer). The
period length of the oscillation is about 2.5 µs and comparable to the duration of a
Q-switching cycle in the mode-locked Nd:YVO4 laser considered here. It is likely that
corresponding oscillations in the mode-locked cavity are related to the OPO induced
Q-switching that we observe. A continuous wave laser, however has no tendency for
Q-switch mode-locked operation and self Q-switching was not observed in [45].
Additionally there are many more issues that limit the applicability of the work
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in [45] to pulsed systems. The timing between the signal and pump pulses is essential
for a pulsed OPO, the pulse shape and possible distortions thereof are important, as
is the reaction of the pump cavity to the periodic loss introduced by the OPO.

Stable and Unidirectional OPO
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Figure 3.7: The evolution of the pump pulse energy (dashed line) and the energies of
signals 1 (thick solid line) and 2 (thin solid line) as a function of round trips. signal
2 dies down due to the asymmetry of the pump cavity.

The simulation allows to decrease the strength of the nonlinear interaction in
the DFG crystal. Starting from a Q-switching configuration as in Figure 3.5, it is
thereby possible to reach a state where the pump, as well as both signal pulses (i.e.
signal and idler) are stable. As shown in Figure 3.7, this leads to stable operation in
which one of the signal pulses dies down at the expense of the other and eventually
disappears. This is due to the asymmetry of the pump cavity. In each round trip,
the pump pulse is first amplified in the gain material, then goes on to amplify signal
1 and then amplifies signal 2 after experiencing some attenuation in the other arm of
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the cavity. Therefore signal 2 always sees a constant amount less gain than signal 1.
If there is no nonlinear, saturating effect in the OPO cavity, signal 2 will die down.
Drawing an analogy to ring lasers and OPOs we refer to an OPO with only one of
the two signal pulses as unidirectional. Since the only element inside the OPO is the
DFG crystal, the only nonlinear loss comes from un-phase matched processes inside
that crystal. It is not generally strong enough to ensure bidirectionality.

Note: Hidden Ring Geometry

Figure 3.8: A sketch of a hidden ring in a laser cavity. All OPO cavities and some
pump lasers presented in this work fit this cavity category. The arrows indicate the
path of a light ray or narrow laser beam describing a ring in a linear cavity. If the
sketch for example represents the OPO cavity and the pump laser is collinear with
one of the rays inside the gain crystal, the OPO pulse interacting with the pump
while propagating along that ray has a great advantage. It is possible in this way to
resonate signal 2 instead of signal 1, even though signal 2 would always die down in
a strictly linear cavity.
While the experiment is in agreement with the simulation in most cases it is
also possible, after careful alignment, to resonate both signal pulses for very short
times or even only signal 2. The latter is not possible in the simulation and cannot
be explained for a linear cavity. It may be possible, however that the pump or
the signal in this configuration is turned into a “hidden ring” where the pulse takes
different paths on its way forward and backward through the cavity (Fig. 3.8). Due to
different geometries for the two signal pulses inside the OPO crystal a configuration
where signal 2 is better phase matched or overlapped with the pump than signal 1
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and therefore only signal 2 is above threshold is conceivable. A stable, bidirectional
OPO using this method has not been observed.

Unstable Bidirectional Signal with Stable Pump
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Figure 3.9: Experimental data of the two signal pulses showing a bidirectional instability. Shown are signal 1 (thick line) and signal 2 (thin line). The corresponding
pump pulse train is stable.

If the interaction in the DFG crystal is strong one can also detune the length
of the OPO cavity by making it slightly too long in order to avoid destabilizing
the pump. Bidirectional but unstable OPO operation can be achieved. Figure 3.9
shows an oscilloscope trace and Figure 3.10 simulated data for this case. With the
data from the simulation it is possible to analyze the evolution of the envelopes of
all three pulses. While the pump pulse shows almost no fluctuations, the shapes of
both signals are very irregular in both the frequency domain and the time domain.
Whichever pulse extends further towards earlier times, can access the high gain
resulting from its overlap with the peak of the pump pulse. This pulse can grow,
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Figure 3.10: Simulated data showing the evolution of the pulse energies of the signal
pulses signal 1 (thick line) and signal 2 (thin line) with a bidirectional instability.
See also Figures 3.11

but eventually falls behind and is “overtaken“ by a portion of the other signal pulse.
Additionally, because of dispersion, different frequency components travel at different
velocities and one pulse can pass the other by having a more favorable shape in the
frequency domain. A series of graphs showing the pulse evolution in the time domain
is shown in Figure 3.11. The bidirectionality in this case is made possible because
events at the very front of the signal pulses, where noise plays an important role, can
amplify and propagate through the whole pulse. Therefore signal 2 can stay above
threshold, even though it has a disadvantage compared to signal 1 due to the cavity
configuration.
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Figure 3.11: The pulse shapes of the signal pulses signal 1 (thick line) and signal 2
(thin line) taken from different round trips in the simulation. The pulse shapes are
taken in the moment the respective pulse passes the OPO crystal together with the
pump pulse. Zero on the time axis corresponds to the peak of the pump pulse. It
can be seen that the signal pulse peaks originate from the peak of the pump at t=0
and then fall behind the pump in following round trips. The data for this graph and
for Figure 3.10 are taken from the same run of the simulation.

3.5
3.5.1

Strategies for Stabilization
Low Q OPO

Starting from the setup of Section 3.4.2, we increased the output coupling in the
OPO to 35 %. The strength of the nonlinear interaction had to be increased to keep
the OPO above threshold. In this case the OPO has a stabilizing effect on the pump
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Figure 3.12: The pulse energy of the pump pulse as a function of round trips in the
simulation. The OPO is enabled with a 35 % output coupler.

(Fig. 3.12). For high loss, the signal pulses are small compared to the pump and
their effect can be neglected compared to other losses in the pump cavity. The power
limiting features of the nonlinear interaction in the OPO crystal dominate and lead to
a stabilization. While this strategy was successful in suppressing power fluctuations,
it still generally leads to unidirectional operation as described in Section 3.4.3. This
result is in agreement with the experiment where with an 11 % output coupler stable
operation was achieved at low (< 1 mW) OPO output powers.
Note that there are other nonlinear processes happening in the PPLN crystal that
are not phase matched and where not included in the simulation, such as second
harmonic generation, sum frequency generation and parametric fluorescence. All
these effects contribute to the power limiting, stabilizing effect of the PPLN. It can
therefore be assumed that the stabilizing effect is underestimated in the simulation
and the figure of 35 % loss is too high.
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Figure 3.13: Simulated data for the configuration as in Figure 3.10 with an additional
crystal for second harmonic generation in the OPO cavity. The nonlinear loss of this
crystal provides a saturation if the stronger signal pulse signal 1 and causes the
system to become bidirectional. The dashed line represents the pump.

The simulations detailed in the previous sections suggest that both the induced
Q-switching instability as well as the unidirectionality will be fixed by a sufficiently
strong nonlinear loss to the signal pulses [20]. The simulation considers a 2 cm long
PPLN crystal inserted into the OPO cavity at a second focal spot. The algorithm
simulating the DFG is employed to simulate the second harmonic generation as well
(the OPO pulse takes the place of signal and idler, the second harmonic replaces the
pump). The OPOs output coupler is replaced by a perfect mirror. With only about
1% of the signal light converted to the second harmonic, the OPO becomes stable and
bidirectional for all simulated scenarios (Figs. 3.13 and 3.14). The unidirectionality
is thus prevented by providing a saturation causing the more intense of the two pulses
to see more loss. The Q-switching instability is prevented through power limiting by
the same saturation effect. Note that any fluctuation in the pump laser intensity is

74

Chapter 3. Simulation of an Intracavity Pumped OPO

20

600

400

10

200

0

0

1000

2000

3000

4000

5000

Signal Energy [nJ]

Pump Energy [nJ]

800

0
6000

Roundtrip
Figure 3.14: Simulated data for the configuration as in Figure 3.5 with an additional
crystal for second harmonic generation in the OPO cavity. The instabilities are
removed by the power limiting properties of the nonlinear loss. The dashed line
represents the pump.

amplified in the OPO. Therefore saturation in the OPO cavity is more effective than
saturation in the pump cavity.
The stabilizing effect of nonlinear loss has been observed in one of the previous
setups [3]. The important differences between the laser presented here and the one
in [3] are a much shorter pulse width of 200 fs, a tighter focus in the PPLN crystal and
a much higher average intensity in the OPO. The un-phase matched second harmonic
was clearly visible from the PPLN crystal. This device produced bidirectional pulses,
that where stable for seconds. A beat note between the two pulses was recorded.
The nonlinear loss in this setup could have been greatly increased by addition of
a crystal to the cavity to produce a phase matched second harmonic. This was,
however, not attempted since the importance of the second harmonic was not yet
clear. Another observation of stabilization through nonlinear loss has been made
by Stothard et. al. [51] in an intracavity pumped continuous wave OPO. Adding
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nonlinear loss to the pump cavity provided amplitude stabilization to this device. It
is however obvious, as confirmed by the simulations, that passive negative feedback
is more effective in the OPO cavity than in the pump cavity.

3.5.3

Short Lifetime Pump

The phenomenon of self Q-switching is directly connected to the ability of the laser
gain medium to store pump energy over times, longer than the cavity round trip.
The length of a Q-switching cycle is generally of the same order of magnitude as the
excitation lifetime of the gain medium. In fact one can argue that if the excitation
lifetime of the gain in the cavity is much shorter than the cavity round trip time, a
phenomenon like Q-switching is impossible because it requires information of several
round trips to be stored in the gain at any time. In a self Q-switched laser, the
amount of energy that is transferred to the pulse from the gain in a given round trip
depends on what the pulse energy was in the previous round trip. If the lifetime of the
gain is short, that information is lost, because the gain has returned to equilibrium
during that round trip.
Semiconductor lasers as well as dye lasers typically have a lifetime of about 1 ns
and consequently do not Q-switch, if the repetition rate is below about 200 MHz.
The early intracavity dye laser pumped OPOs demonstrate this behavior [44, 43]. If
the OPO is pumped intracavity by a semiconductor laser, instabilities of the kind
observed in crystalline host lasers should not occur either. The same concept has
been shown to work for a continuous wave OPO [52] pumped by a semiconductor
laser.
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3.6

Conclusion

In this chapter we have presented a simulation of an intracavity pumped picosecond
OPO and investigated the dynamics of such a system. We found that for a choice
of a low loss OPO cavity it is possible for the OPO to destabilize the pump whereas
a high loss OPO tends to stabilize it. Much more stable operation is expected from
the introduction of nonlinear loss, e.g. through second harmonic generation, into the
OPO cavity. In this case the system should ideally be designed to have the second
harmonic of the signal as its only output. A intracavity Ti:Sapphire pumped OPO
built with this information is presented in Chapter 5.
The simulation presented is based on a modular approach. Different effects are
handled in different distinct steps rather than dealing with a single set of coupled
differential equations. This makes this approach highly adaptable to a variety of
problems. One can easily add or remove parts or increase numerical accuracy in a
desired part of the simulation. The simulation can therefore be applied to a variety
of different lasers and OPOs. An extensive graphical user interface has been written in C++ using the Qt library. It allows to build a laser cavity and simulate the
evolution of the pulse in the cavity. It can display simulation data and allows to
manipulate cavity parameters while the simulation is running. It includes a mathematical expression parser to evaluate and manipulate data while the simulation is
running. It uses GNU Octave, a numerical programming environment similar to
Matlab, to offer extensive post processing and data analysis functions. It is capable of loading dynamic link library (DLL) and shared object files with third party
simulation elements. This allows users to include their own simulation code in the
program and still ensures a fast execution. The working name for the software is
PULSTER (”PUlsed Laser Simulation Tool for Education and Research“).
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Externally Pumped Linear Two
Pulse OPO
4.1

Introduction

Using the harmonic pumping method described in Section 2.13.2. It is possible to
build an externally pumped OPO. Harmonic pumping has simultaneously with this
work been employed to create high repetition rate OPO pulse trains [36] and has,
to the best of our knowledge, never been used for intracavity interferometry. This
chapter describes the experimental realization of a harmonically pumped OPO and
its application to intracavity interferometry. Some work on this project — mainly
the first alignment of the Ti:Sapphire pump laser and early attempts to align the
OPO — was done by Andreas Schmitt-Sody.
While not as efficient and more expensive than an intracavity pumped OPO,
this device is considerably simpler. It requires only a small change compared to
synchronously pumped OPOs that are already commercially available and well understood. To demonstrate the capabilities of this device, the electro optic coefficient

79

Chapter 4. Externally Pumped Linear Two Pulse OPO
of a lithium niobate modulator is measured. In a slightly different setup the device
is used to measure the nonlinear index of refraction of its PPLN gain crystal.
We present an optical parametric oscillator (OPO), pumped synchronously by
a mode locked Ti:sapphire laser with half the cavity length of that of the OPO.
Therefore, two completely independent pulses circulate in the OPO. Since both pulses
are pumped by the same spatial mode of the pump laser, pointing instability of the
pump laser does not affect the beat note bandwidth of the OPO.
The concept of using different cavity length in pump and OPO is not limited to
two pulses per cavity round trip. In general it is possible for the ratio between the
OPO and the pump cavity length to be any non-divisible fraction of natural numbers
n/q, where n determines the number of pulses in the cavity and q the number of round
trips each OPO pulse has to complete before being amplified. This concept has been
used to create high repetition rate OPO pulses from a low repetition rate pump using
as much as 13 [36] pulses in the OPO. For intracavity interferometry a length ratio
of 2/3 or 2/5 would yield a shorter OPO cavity, while a larger number of pulses in
the cavity (e.g. a ratio 5/6 for six pulses) would allow to measure several data points
simultaneously, reaching higher relative accuracy.

4.2

Setup

The pump laser is a Ti:Sapphire pumped by a 5.2 W pump source, tunable between
785 nm to 805 nm by a birefringent filter, producing 1.2 ps pulses at a repetition
rate of 166 MHz, with an average power of 355 mW.
The output beam of the Ti:Sapphire is expanded with two curved mirrors and
focused into a 3 cm long MgO doped periodically poled lithium niobate (PPLN)
crystal. The crystal is anti reflection coated for the pump wavelength of 792 nm and
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Figure 4.1: The experimental setup. The OPO cavity mirrors have a reflectivity of
>99.8 % from 1.3 µm to 1.5 µm. The pulses are extracted from the cavity with a
1 mm thick sapphire window at near Brewster angle (BS1). The extracted pulses are
given the required delay to overlap them on a 50-50 beam splitter (BS2) to create a
beat note.

for 1600 nm. It is not custom made for this application and neither the length nor
the anti reflection coating are ideal.
The repetition rate for a single pulse in the OPO cavity is 88 MHz. The two
OPO pulses cross exactly in the middle of the cavity. Close to the crossing point an
un-coated sapphire plate is inserted at near Brewster angle and the reflections off
the plate enter a delay line and are interfered on a beat note detector. Near the end
of the cavity a 1 mm thick lithium niobate phase modulator is inserted.
The OPO output power measured through a highly reflective mirror is only about
300µW . The pump threshold is 260 mW. Replacing one of the OPO end mirrors by
a 2% output coupler leads to several milliwatts of output power. This is sufficient to
measure the OPO pulse to be 5.45 ps long with an intensity auto correlation. The
auto correlation has a triangular shape, which is in agreement with the square pulse
shape expected for this long gain crystal.
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The OPO can be tuned from 1300 nm to 1520 nm by temperature, as well as by
adjusting the pump laser wavelength over a range of about 10 nm using a birefringent
filter.

Previous OPOs have used a Faraday isolator to keep reflections from the OPO
gain crystal from destabilizing the pump. Because the PPLN crystal is much longer
than the Rayleigh range of the focused pump beam, an isolator between OPO and
pump laser is not required in this setup. Since the focal spot inside the PPLN is
far away from the AR-coated surface of the crystal, back scattered light from that
surface is out of focus and mostly does not enter the pump cavity.

The pulse train of the Ti:Sapphire laser is measured with a fast photo diode
which picks up a reflection off one of the prisms in the cavity. The signal of the
diode is passed through a divide by 2 circuit and an ECL to TTL circuit as well as
an electrical delay line and an adjustable attenuator. After that it is applied to the
lithium niobate modulator in the OPO cavity. The electrical delay line is adjusted
such that the voltage applied to the modulator is maximal when one of the OPO
pulses passes it and minimal when the other pulse passes. Both pulses thus see
different constant phase shifts that are measured as a beat note by the beat note
detector.

Jitter and amplitude noise of the voltage signal to the modulator broaden the
beat note bandwidth. The signal used looks steady when viewed on an oscilloscope.
A better, but more involved way to create a signal that is independent of fluctuations
of the pump laser would be a phase controlled oscillator.
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Figure 4.2: A detailed sketch of the pump and OPO cavity. Ti:S: Ti:Sapphire, MQW:
Multiple Quantum Well mirror, BF: birefringent filter, OC: pump output coupler,
PPLN: periodically poled lithium niobate crystal

4.3

Alignment Procedure

Figure 4.2 shows a detailed sketch of the setup. The Ti:Sapphire laser has its output
coupler mounted on a translation stage. The repetition rate of the pump laser can
then be tuned rather than the length of the OPO to find the correct length match.
The repetition rate of the pump laser is determined with a frequency counter and
the required OPO cavity length is calculated (taking into account the high index
of the PPLN crystal). The pump laser is tuned to a suitable wavelength using the
birefringent filter. Sometimes adjustment of the output coupler and the prisms is also
necessary to reach a desired wavelength. The relationship between pump wavelength,
grating period, OPO wavelength and crystal temperature can be investigated with
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SNLO1 to obtain the correct working parameters.
Between the Ti:Sapphire and the OPO a telescope consisting of two curved mirrors (M1 and M2, radius of curvature 10 cm and 30 cm) is inserted to increase the
beam diameter and obtain a smaller focal spot. This beam is then focused through
one of the curved OPO mirrors at the position of the the OPO gain crystal with a lens
of 8 cm focal length. Before the crystal is inserted, the position of the Ti:Sapphire
beam is noted on a screen far behind the crystal position. The crystal is then inserted and turned such that the beam overlaps approximately with the noted beam
position. The crystal can be translated along the horizontal axis perpendicular to
the beam. If the beam and the crystal are exactly parallel, the spot on the screen will
simply disappear once the pump passes beyond the edge of the crystal. If the crystal
is however tilted towards the beam the beam at some point undergoes a reflection in
the crystal and the spot on the screen jumps to a different position before it finally
disappears. This can be used to ensure that the beam is parallel to the crystal and
does not undergo reflections at the sides of the crystal.
If the focal spot and pump power are sufficient a bright, well collimated, un-phase
matched second harmonic signal should be visible. This signal can be used to align
the OPO. The crystal is 3 cm long and 1 mm wide. In the upward dimension it
has 4 different gratings of 1 mm width and 0.2 mm separations in between them.
The gratings and the separations are visible with the naked eye. The elevation of
the crystal is adjustable with a translation stage and while translating the crystal
through the beam the separations between the four different phase matching gratings
can be determined from changes in the second harmonic (The second harmonic may
be scattered by the boundaries or the boundaries produce less second harmonic. A
pattern can be seen moving through the second harmonic beam when the beams pass
the boundary.). This way the desired grating can be chosen.
1A

software written by Arlee Smith available for free download from Sandia National
Labs (www.sandia.gov).
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The remaining mirrors are then inserted. An alignment laser at 1550 nm is used
to determine whether the constructed cavity is stable. The beam is directed on one
of the curved OPO mirrors (M3), through the PPLN and reflected off the second
curved OPO mirror. The alignment beam has a focus before it hits the first curved
mirror (M3) and one after it hits the second one (M4). If the flat OPO end mirrors
(M5, M6) are placed such that both these focal spots are outside the OPO cavity,
the cavity is stable. The distance between the curved mirrors can be adjusted to
ensure a sufficiently long stable cavity. This procedure may also possible using the
second harmonic directly.
Since the OPO mirrors reflect the second harmonic signal it is possible to follow
the second harmonic through the entire cavity. It should stay well collimated. The
second harmonic leaves the OPO crystal only in one direction and first strikes mirror
M4. It is followed to mirror M5, back into the crystal and to M6 and back through the
crystal and curved mirrors. This can be done by slightly misaligning the beam path
so that the beam can be observed on a piece of white cardboard without blocking it
on its previous roundtrip. When the second reflection on M5 overlaps with the first
one, the cavity is usually sufficiently well aligned.
An iris is placed around the beam in the OPO cavity. It should be large enough
not to block any part of the beam. An infrared sensitive CCD camera is focused on
the iris and the signal is observed on a CRT screen. If the OPO starts lasing scattered
light is clearly visible on the aperture. At least one of the OPO end mirrors (M5)
is placed on a translation stage with a large range. The Ti:Sapphire output coupler
(OC) and if necessary the OPO end mirrors can then be translated until the OPO
starts lasing. Usually it is sufficient to push the translation stage and look for a flash
of light on the CRT instead of changing the position slowly with the micrometer
screws.
Alignment of the cavity with the second harmonic may need to be repeated
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several times. By misaligning the Ti:Sapphire cavity, the Ti:Sapphire laser can be
caused to Q-switch to ease innitial OPO alignment. The pump light then has lower
average power but greatly increased peak power. The threshold of the OPO for the
Q-switched pulse train is therefore significantly lower in this case and the tolerance
towards misalignment is larger. After the correct length has been found and the OPO
alignment is optimized, the alignment of the Ti:Sapphire can be corrected to obtain
a continuous pulse train. The length of the OPO then generally needs to be adjusted
again by a small amount to obtain continuous OPO operation. If the OPO is not
lasing the pump laser is brought back to Q-switched operation and the procedure is
repeated. If Q-switched output is used for alignment the frequency of the pump laser
should be monitored since it may jump when the laser switches between continuous
and Q-switched operation.

Results and Discussion
1
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Figure 4.3: A section of the beat note signal recorded by a sound card without
averaging or smoothing and its Fourier transform. The full width at half maximum
is about 0.17 Hz.

Figure 4.4 shows the beat note frequency as function of the voltage applied to
the phase modulator. Note that no dead band is detected for low frequencies and
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Figure 4.4: The beat note as function of voltage amplitude applied to the modulator.

that the regression line goes through the origin indicating the absence of a bias beat
note. In this measurement the bandwidth of the FT in the range of several Hz is
limited by the memory of the oscilloscope used and not by the beat note stability.
To determine beat note stability, several seconds of data are taken and the full with
at half maximum of the Fourier transform of the beat note is determined. Beat note
stability down to 0.17 Hz is observed (Fig. 4.3). This corresponds to a phase shift
of 1.5· 10−8 rad or a length change of 2.5 femtometer. Measurements taken are in
agreement with earlier measurements of the same modulator [53].
The sources of beat note instability can be divided into two groups: (1) Changes
to the OPO Cavity. These effects act on both pulses and thus mostly cancel out in
the measurement and only the change during one round trip is actually detected.
Thus, in this category only time derivatives, such as the velocity of the mirrors and
the change of the airflow are relevant and they are relevant only on a timescale
comparable to the round trip time. They can not change the mean frequency of the
measured beat note signal. (2) Additionally there are a few effects that can cause
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an unwanted static change in the beat note. Most notably a change in the lasing
wavelength and a change in the quantity to be measured (e.g. a temperature change
on the modulator or a change in the voltage amplitude).

In both categories the instability can likely be improved greatly by actively or
passively stabilizing the device further. But for each category there are alternatives
to stabilization. Instabilities of category 2 (e.g. fluctuating wavelength) can be
measured together with the beat note and taken it into account when evaluating
the data. Noise sources of category 1 can be reduced by decreasing the round trip
time. Since they do not change the mean value of the beat note, they can also be
averaged out if the beat note is measured over a sufficiently long time. By taking
measurements over long time periods a measurement accuracy, far better than the
beat note bandwidth may therefore be reached.

To illustrate long term beat note stability, figure 4.5 contains data for 1 minute
of beat note, that has been separated into 1 second packets that where Fourier
transformed separately. The beat note determined from each packet is plotted as a
function of time. The standard deviation of the acquired data points is about 0.7 Hz.

The device shows only about 10 Hz shift in beat note over several hours and even
days. Noticeable shifts are usually correlated with realignment of the pump laser
which points to shifts in pump wavelength or in the modulation voltage derived from
the pump pulse train as the sources of those beat note shifts. The OPO wavelength
is not monitored closely because a sufficiently accurate spectrometer with the ability
to record spectral data over extended times is not available for this project.
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Figure 4.5: The drift of the beat note frequency measured over one minute. Since
the fourier transform is done on 1 s of data, the resolution of the obtained spectrum
is 1 Hz. This is why the beat note maximum can only take on values seperated by
a multiple of 1 Hz. This is anartifact of the analysis method used.

4.5

Measurement of the Nonlinear Index of Refraction

A measurement of the nonlinear index of refraction of lithium niobate is presented as
an example for an intracavity phase measurement, demonstrating a better accuracy
and sensitivity than the traditional z-scan method [54]. This work was done as a
side project with available equipment. Much improvement is expected from the use
of an OPO specifically designed for this purpose.
To measure nonlinear index, the reference and probe pulses in the OPO need to
have different intensity. The nonlinear index of refraction n2 will then change the
linear index n0 in the presence of a light field of intensity I:
n = n0 + n2 I

(4.1)
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This will cause the reference to see a different index of refraction while passing the
OPO gain medium and consequently a different cavity length. The beat note can
thus be used to determine the nonlinear index of refraction of the gain crystal. For
a crystal of length `, the beat note ∆ν is related to the difference in pulse peak
intensity ∆I by
∆ν =

4π`n2
∆I.
λτrt

(4.2)

τrt is the round trip time and λ the wavelength of the OPO.

4.5.1

Setup and Results

Determination of n2
The setup is shown in Figure 4.6. The relative intensity of successive pump pulses
is adjusted by an electro-optical modulator (EOM) driven at half the repetition rate
of the pump.
A typical measured (not optimized) beat note bandwidth of 50 Hz for a 1.5 kHz
beat note corresponds to a phase shift of 9.5· 10−7 or a difference in nonlinear index
of ±2.2· 10−17 cm2 /W.
The beat note frequency as function of voltage amplitude applied to the modulator is shown in figure 4.8. The nonlinear index of refraction for lithium niobate
extracted from the slope of the line is 1.17· 10−15 cm2 /W at 1474 nm. By tuning the
OPO wavelength from 1390 nm to 1500 nm (through adjustment of the pump laser
wavelength) a dispersion of the nonlinear index is recorded (Fig. 4.9).
To increase the sensitivity and accuracy of the measurement, the beat note band
width and the peak intensity of the OPO pulses can be improved. Higher OPO

90

Chapter 4. Externally Pumped Linear Two Pulse OPO

Figure 4.6: The OPO cavity is pumped by a mode-locked Ti:sapphire laser of half
the length of the OPO cavity, such that two independent pulses are resonated in
the OPO. Frequency tuning is achieved with a birefringent filter inside the pump
cavity. The pump pulses are focused into a 3 cm long periodically poled 5% MgO
doped lithium niobate (PPLN) crystal inside the OPO cavity. The beams extracted
from the cavity and made to interfere on the detector are shown as dotted red lines.
An arbitrary sample can be measured by inserting it into the OPO cavity (dashed
rectangle) and taking the difference of the n2 with and without the sample inside the
cavity.

stability is expected to decrease the beat note band width by two orders of magnitude
to about 0.5 Hz, using a more intense femtosecond OPO the peak intensity could
easily be increased by three orders of magnitude. Even a conservative estimate would
put the smallest measurable difference of n2 well below the n2 of air (≈ 10−18 cm2 /W).
Since all measurements are a comparison against the n2 of the OPO crystal, this is
also the optimum sensitivity.
There are sources of uncertainty to this measurement that are difficult to quantify:
The two pulses create vibrations in the end mirrors upon impact that cause the mirror
surface to move and create a phase shift. Due to the difference in intensity both pulses
experience a different shift. As a consequence the nonlinear index found may be too
low. Secondly there may be interaction in the PPLN crystal between the signal pulse
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Figure 4.7: A typical beat note recorded in the nonlinear index measurement. The
Full width at half maximum bandwidth is 50 Hz. The bandwidth is larger then
the one shown in Figure 4.3(b) because of the additional sources of noise; especially
the dependence of the beat note on the average OPO intensity. A more stable OPO
(pumped further above threshold) is expected to significantly improve the bandwidth.
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Figure 4.8: The beat note as function of the intensity difference between the two
OPO pulses at 1474 nm.
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Figure 4.9: The dispersion of the nonlinear index measured from 1390 nm to 1490 nm.
The data point at 1064 nm is taken from [6]. At 1500 nm the OPO is close to degeneracy and measurements become noisy due to frequency instabilities in the OPO.
This is preliminary data, taken for demonstration purposes and as a proof of principle. A later, more thorough investigation is required to conform these values. The
main concern are spectral dependencies and calibration of the measuring equipment
and unknown errors present when measuring the index of the gain crystal instead of
a sample added to the OPO cavity.

and other wavelength such as the pump and its second harmonic, the idler and its
second harmonic and the sum frequencies of pump, signal and idler. This interaction
may lead to small phase changes in the signal that are hard to predict. Finally the
modulator, if driven too hard, could have a systematic effect on the direction of the
pump pulse. All these sources can be eliminated by measuring the nonlinear index
of the OPO cavity and comparing it to the index of the cavity with a sample placed
inside. This method can be used to measure arbitrary transparent samples.
Due to these sources of error, the recorded spectrum of n2 (Fig. 4.9) has to be
considered preliminary.
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Beat Note Correction
Besides the measurement of the beat note, an accurate measurement of the intensity
difference between the two pulses is required. This parameter can be determined
much more accurately in this continuously operating device than in a z-scan where
single shot measurements of amplified pulses are required. Other advantages of this
technique are that (i) the measurement does not require a scan – a single intensity
difference provides the value – and (ii) the beat note is not affected by any non
dispersive effect (linear and multiphoton absorption).
The measurement of the intensity difference can be divided into the determination
of the pulse energy, the pulse width and the spatial beam profile inside the material
to be measured. The pulse width was measured with an intensity autocorrelator.
The triangular shape of the autocorrelation suggests a square pulse shape, which is

Lock-In Sign.

expected with the long PPLN crystal.
1.5
1
0.5
0
-0.5

-0.025

-0.02

Time [s]
The beam profile can be determined very accurately by measuring it outside the
cavity and calculating the propagation of the Gaussian beam into the cavity.
The difference in energy between the two consecutive pulses can be resolved with
a fast photo detector. Fluctuations in this value are a likely source for uncertainty.
We show that it is possible to record these fluctuations together with the beat note
and use it to correct the beat note data. As is explained in detail in Section 2.14 the
beat note can be viewed as a ”moving interference signal“ between the reference and
probe pulse in which the probe pulse picks up a relative phase shift of φ = 2n2 ∆I` in
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Figure 4.10: A portion of an unstable beat note signal together with the signal from
the lock-in amplifier. The lock-in signal can be used to correct the beat note signal
as shown in Figures 4.11 and 4.12.
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Figure 4.11: The uncorrected beat note spectrum which is simply the Fourier transform of the data shown in Figure 4.10. The two peaks corresponding to the jump in
beat note frequency are clearly visible.

each round trip. One can therefore view the beat note signal as being propagated in
time by the intensity difference ∆I. If ∆I is zero, the beat note intensity is fixed at
a single value and no beat note is observed. If ∆I is large a fast beat note oscillation
is seen because the relative phase shift changes a lot in each round trip. If ∆I is
small the phase shift per round trip is small and the beat note oscillates slowly. To
account of a changing ∆I, using a signal S(t) that is proportional to the difference
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Figure 4.12: The corrected beat note. The two peaks seen in in the uncorrected
spectrum (Fig. 4.11) are joined in a single peak that is narrower than either of the
uncorrected peaks.
in intensity, the time axis of the beat note data is modified to
t→

Z t
0

S(t0 )dt0 .

(4.3)

One could say the time axis is morphed — locally stretched or compressed — such
that the beat note signal remains at a constant frequency. The Fourier transform of
this new (”corrected“) beat note contains a cleaner peak than the original signal. It
also contains additional information. For example this method only is successful if
S(t) really is proportional to ∆I. The bandwidth of the corrected beat note contains
thus information about the linearity of the detection and amplification process used.
In theory the simplest, most accurate and most direct way to obtain S(t) would be
to record the pulse train together with the beat note data and extract the information
directly from there. Since the beat note is typically on the order of tens of kHz and
the pulse train frequency is hundreds of MHz, this would require recording very large
amounts of data in real time. A more practical approach to reduce the amount of
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data and still store the relevant information, is to analyze the modulation of the
pulse train due to the difference in intensity between two consecutive pulses with
a radio-frequency lock-in amplifier. The method is illustrated in Figures 4.10, 4.11
and 4.12. Figure 4.10 shows an example of a very unstable beat note together
with the corresponding signal from the lock-in amplifier. The Fourier transform of
this beat note is shown in Figure 4.12. The lock-in signal is used as described to
correct the beat note. The Fourier transform of the corrected beat note is shown in
Figure 4.12. In addition to simplifying the measurement and increasing the accuracy,
the frequency bandwidth of this corrected signal also contains information about the
uncertainty in the measurement of the intensity difference.

4.5.2

Future Nonlinear Index Measurement

A future nonlinear index measurement should be attempted with an OPO pumped
well above threshold to minimize intensity fluctuations. The modulator should be
strong enough to provide a modulation visible to the lock-in amplifier. In this work
a low voltage modulator was driven with a 20 V peak to peak signal, which proved
insufficient for an OPO well above threshold. The spectrum of the OPO should be
monitored closely while measurements are taken. A sample should be measured by
placing it at an additional focal spot inside the OPO and comparing the beat note
of the OPO with and without sample.
A 1% or 2% output coupler should be available for the OPO with a flat reflectance
spectrum in the region of interest. With two calibrated detectors the spectral dependence of mirrors, beam splitters and further detectors can be measured using the
OPO itself, even if the OPO output is unstable. A beam splitter need first be calibrated with the two detectors. The output of the OPO is split by the beam splitter
and measured with the detectors. Then an unknown mirror can inserted between
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the beam splitter and one of the detectors and the mirror spectrum can be recorded.
The mirror may not have a uniform reflectance throughout its surface, so the measurement should be done on the section of the mirror that is used in the experiment.
This measurement is most important for the OPO output coupler. Through this
output coupler the OPO intensity can be measured and the intracavity intensity can
be calculated. It may also be relevant that each pulse passes the sample twice in one
round trip with two different intensities. The sample should therefore be adjacent
to the output coupler. The (average) intensity for each pass can then easily be calculated from the measured output intensity. To easily measure the beam profile, a
CCD camera sensitive at the OPO wavelength should be available.
From the beam size, the average intensity and the repetition rate of the OPO, the
pulse energy can be calculated. To determine the peak intensity, knowledge of the
pulse shape is also required. For a short pulse an interferometric autocorrelation or
another more detailed method can be used to record the pulse shape throughout the
measurement. If a high accuracy for the nonlinear index is required, it is necessary
to better define the term ”peak intensity“. A Gaussian pulse, for example would
experience different phase modulations due to n2 in different parts of the pulse.
For a very high accuracy measurement it is necessary to understand how this ”self
phase modulation“ plays out in a mode locked cavity to determine an ”effective peak
intensity“ for the pulse. Another option is to design the OPO such that it produces
a square pulse. It may be possible to build an OPO in which the pulse width is
determined only by the length and walkoff of the OPO gain crystal.

4.6

Conclusion

We have demonstrated an OPO with two pulses per cavity round trip and shown its
usefulness for ultra sensitive phase measurements.
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The main advantages of this device are, that it does not require a dye jet and
that both OPO pulses are truly independent of one another. It is also by far the
most accurate linear device that has been realized. As opposed to a ring, a linear
device is insensitive to rotations and Fresnel drag which are the main sources of
long term (seconds) instabilities of ring devices. In agreement with the theoretical
interpretation we do not observe a significant long term drift of the beat note. This
opens up the possibility of increasing measurement accuracy by simply increasing the
measurement time. Furthermore it is the first device that does not show a bias beat
note. In all earlier devices, rotations, Fresnel drag, and an inequality in intensity of
the two counter propagating pulses have lead to a beat note, even when no phase
shift was intentionally applied to the probe pulse. This bias beat note is an unwanted
source of error since it is not necessarily constant in time.
The results are particularly promising since large improvements can be expected
from passive and active cavity stabilization techniques as they are commonly used
in conventional interferometers.
This measurement method can be applied to any transparent medium. The
tunability range is only limited by the particular OPO in use.
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Chapter 5
Intracavity Ti:Sapphire Pumped
OPO

5.1

Introduction

This chapter describes the experimental realization of an intracavity Ti:Sapphire
pumped OPO. This device was constructed using results obtained from the simulation described in Chapter 3. It is to the best of our knowledge the first pulsed
intracavity pumped OPO with a crystalline host pump laser, that is stable over long
time periods (>1 s). In an intracavity pumped OPO the OPO gain crystal is placed
inside the cavity of the pump laser. The pump and OPO cavities have to have the
same length1 . In general the pump pulse will then create or amplify two pulses in the
OPO per round trip, one on each passage through the crystal. We refer to the pulse
amplified by the pump coming from the gain as signal 1 and to the one amplified by
the pump pulse coming from the curved end mirror as signal 2.
1 An

exception to this rule is the novel harmonically intracavity pumped OPO presented
in this work.
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Stable intracavity synchronously pumped OPOs have been previously realized
with mode-locked dye lasers [43, 44]. The high intracavity intensity - in principle
- provides a great advantage over externally pumped OPOs. This is why the first
synchronously pumped OPO demonstrated [43] was intracavity pumped. The positive results with mode-locked dye lasers, however could not be transferred to the
newer crystalline host lasers, most importantly the Ti:Sapphire laser which is still
the laser providing the shortest near infrared pulses. In Chapter 3 we identified and
described the problems that have made this step so difficult and presented a possible
solution [20]. As the computer simulation shows, the intracavity pumped OPO suffers from instabilities caused by delayed feedback from the OPO to the pump laser
that cause the pump laser to Q-switch mode-lock. Another problem is that signal 2
usually dies down and only signal 1 resonates in the OPO. Both these problems are
addressed in this experiment.
The goal of this work is to construct a stable OPO with two pulses in the cavity
for intracavity interferometry. As has been explained in previous chapters (2.14,
1.1), in an intracavity interferometer two independent pulses, reference and probe 2 ,
oscillate in a mode locked laser or OPO cavity. A phase change is applied to the
probe at every round trip for example with an electro-optic modulator, driven at the
cavity repetition rate. Reference and probe then see different optical cavity length
and consequently have different carrier frequencies. If they are interfered outside
the cavity, a beat note is measured corresponding to the difference in optical cavity
length seen. Beat note band widths below 1 Hz corresponding to length changes of
less than 10 femtometers have been demonstrated ([12], Chapter 4).

2 We

refer to the two pulses as ”reference“ and ”probe“ in the context of interferometry
and as signal 1 and signal 2 when talking about the two pulses automatically created in the
cavity of an intracavity pumped OPO. Usually (if there are only two OPO pulses) these
terms refer to the same two pulses.
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5.2
5.2.1

Setups
Setup A: With Telescope

Figure 5.1: The first setup of the intracavity pumped OPO. The output coupler
(OC) is removed after alignment pf the pump cavity. The pump is tunable with a
birefringent filter (BF). Mirrors M1 (r=10 cm) and M2 (r=30 cm) increase the beam
diameter before focusing into the PPLN to obtain a small focal spot. Mirrors M3
and M4 transmit the pump, but reflect the OPO light. Mirror M5 is placed on a
translation stage for length adjustment. The relative cavity lengths are not to scale.

The first setup under investigation (setup A), shown in Figure 5.1, is just a slight
modification from the externally pumped device described in Chapter 4, with the
pump output coupler removed and replaced by a highly reflecting curved mirror
after the PPLN crystal. The length of the OPO cavity is then adjusted to match the
new length of the pump. The Ti:Sapphire pump laser is mode-locked by a multiple
quantum well mirror (MQW) and tunable with a birefringent filter.
The MgO doped periodically poled lithium niobate (MgO:PPLN) OPO gain crystal is 3 cm long and has 4 different quasi phase matching gratings (according to the
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quotation:g=20.36 µm, 21.55 µm, 25.21 µm, 21.55 µm). The 20.36 µm grating is
used for all experiments. It is anti-reflection coated at 790 nm and 1600 nm. The
curved OPO mirrors are coated for high reflectance at 392 nm (the second harmonic
of the pump, for alignment) and from 1325 nm to 1525 nm, the range of desired
signal wavelength. The OPO is operated with 1/2 the cavity length of the pump or
with the same cavity length.

5.2.2

Setup B: Without Telescope

Figure 5.2: The revised setup of the intracavity pumped OPO. The output coupler
(OC) is removed after alignment of the pump cavity. The beam is directly focused
into the PPLN crystal by mirror M1. Mirrors M3 and M4 transmit the pump and
reflect the signal wavelength. In the OPO cavity a sapphire plate is inserted at near
Brewster angle to act as a beam splitter (BS). A 1 mm thick lithium niobate phase
modulator is inserted at Brewster angle near the OPO end mirror (M5) which is
at the maximum distance from the pulse crossing point in the cavity center. The
relative cavity lengths are not shown to scale.

A completely new setup (setup B) with a different PPLN crystal, different OPO
mirrors and without the telescope mirrors is shown in Figure 5.2. The operating
wavelength for this device is chosen from 1070 nm to 1260 nm in consideration of
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biological applications where water absorption should be minimized (see Section 8.1).
The flat OPO end mirrors are coated for high reflectance (R>99.8%) from 1070 nm
to 1260 nm and high reflectance of the pumps second harmonic at 392 nm. The
curved mirrors are double convex ”zero lenses“ coated for high reflectance at 392 nm
and 1070 nm to 1260 nm as well as for high transmission of the pump at 795 nm.
The 1 cm long and 1 mm wide PPLN crystal has eight gratings of grating constants
g=20.1 µm, 20.4 µm, 20.7 µm, 21.0 µm, 21.2 µm, 21.4 µm, 21.6 µm, and 22.9 µm
and an anti-reflection coating for 392 nm, 795 nm, and 1070 nm to 1260 nm. The
shorter PPLN crystal allows for less dispersion and nonlinear loss in both the pump
and the OPO cavity.

5.3

Alignment Procedure

The alignment is very similar for both setups. It is described here for setup B
(Fig. 5.2). The pump laser is first aligned with a flat mirror as output coupler (OC).
A 99.7% reflective mirror without a wedge was used. The pump laser can be aligned
to Q-switch mode-lock and produce an output beam intense enough to use as an
alignment beam for the PPLN portion of the cavity consisting of mirrors M1, M2,
M3 and M4 and the PPLN crystal. When the curved end mirror (M2) is well aligned
the pump laser responds to the pulse injected back into the cavity, by switching from
Q-switch mode-locked operation to a stable pulse train3 . This response can be used
to roughly align the PPLN portion of the cavity. The distance between mirrors M1
and M2 has to be adjusted to an appropriate value (a good guess is the sum of the
focal lengths of the mirrors plus 10%). If mirrors M1 and M2 are aligned properly
and the output coupler (OC) is removed, the laser is still lasing and can be optimized.
3 While

it is clear that there should be some visible response when disturbing the modelocking in this way, the fact that the pump becomes stable is somewhat surprising. This
is however irrelevant in the current context.
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Once the pump laser is mode-locked, a strong, un-phase matched second harmonic
signal can be seen leaving the PPLN in both directions. The distance and angle of
mirrors M3 and M4 can be adjusted carefully without loosing the pump laser to
create a collimated second harmonic. Once the distance between the curved mirrors
is adjusted, the alignment process is simple: Placing a piece of card board in front
of one OPO end mirror (say M5) reveals two spots. One from the beam leaving the
crystal towards M4 and one leaving the crystal in the opposite direction, reflecting off
the opposite end mirror (M6) and passing through the PPLN to reach the cardboard.
These two spots need to overlap on both sides of the cavity (at M5 and M6). At
least one OPO end mirror should be on a translation stage. By measuring the
repetition rate of the pump with a frequency counter, the correct length of the OPO
can be calculated (including the PPLN index). The OPO end mirror is placed in
approximately the right position and the length is scanned until the OPO starts
lasing.
The sapphire beam splitter (BS) and phase modulator can be simply inserted
into the cavity, using the second harmonic of the pump as a guide. The OPO length
has to be adjusted afterwards. Inserting the lens next to mirror M5 (Fig. 5.9) is done
in the same way. When inserting the BBO crystal, the distance between the lens
and M5 has to be increased.

5.4

Results

In comparable previous systems, brewster cut PPLN crystals where used to avoid
back scattering from the surface of the crystal into the cavity mode of the pump
laser. Even very small amounts of back scattering disturb the mode-locking process
of the pump laser. If the crystal is short compared to the Rayleigh range of the
focused beam, most of the back scattered light stays in the pump cavity. If the
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PPLN crystal is however chosen longer, back scattered light is out of focus and most
of it does not enter the pump cavity mode. Both setups presented here sucessfully
use this method.

5.4.1

Setup A: With Telescope

The maximum available pump power is 5.2 W of green (532 nm) light. The threshold
of OPO oscillation is at about 5.0 W. The output of the Ti:Sapphire laser is barely
visible after the curved end mirror and the output power was not measured. By
monitoring the reflection off the intracavity prism we establish that the intracavity
intensity changes less then 20% when inserting a 8% wedged output coupler before
mirror M1 (OC in Figure 5.1). The output power measured through the 8% output
coupler is 355 mW, therefore the intracavity power is approximately 4.4 W.
When aligning the OPO it is found that alignment of the OPO end mirrors can
disturb the mode locking of the pump even when the OPO is not lasing. This is due to
a small residual reflection of the pump from the curved OPO mirrors. This reflection
strikes the OPO end mirror and goes back into the pump cavity, well matched to the
pump cavity mode. Even though the curved OPO mirrors are anti-reflection coated
for the pump and the OPO end mirror is not coated for the pump wavelength, the
reflection from either OPO end mirror can destabilize the pump. The problem was
avoided by a slight misalignment of the PPLN crystal to slightly separate pump and
signal wavelengths, and a careful alignment of the mode-locking of the pump. Slightly
misaligning the OPO cavity also proved useful. This problem was not observed in
setup B. A bright second harmonic is visible from the PPLN crystal indicating a
fair amount of nonlinear loss to the pump pulse. It is not possible to cause self
Q-switching in the pump laser, which is usually very easy for Ti:Sapphire lasers.
This indicates that the (un-phase matched) nonlinear loss in the crystal has a strong
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stabilizing effect on the pump laser. The pump laser is very sensitive to misalignment
of the focusing lens or the curved end mirror M5. It shows strong (10% to 20%) slow
fluctuations and jumps between different modes of operation on a second timescale.
This may be due to the unstable mounting of some laser parts, to thermal effects in
the PPLN crystal or to the low pump power (the maximum available pump of 5.2 W
is too close to the threshold). Partly it is due to air currents around the setup and
from convection around the heated PPLN crystal. The whole setup is enclosed and
the PPLN is surrounded by a Styrofoam box to provide some improvement.
The OPO is first operated at 1/2 the cavity length of the pump for ease of
alignment and then extended to the same length as the pump cavity. The OPO is
very insensitive to misalignment of the end mirrors and length misalignment. Length
changes of about 3 mm are possible. This may be due to a very long signal pulse
of several hundred picoseconds in combination with a high gain per round trip. As
a result the OPO can be tuned over wide ranges by just adjusting the birefringent
filter in the pump cavity. The OPO output of about 10 µW is insufficient for a
fast detector. Inserting a sapphire plate at near Brewster angle into the OPO cavity
yields enough output to measure the pulse train. There are no Q-switching or related
instabilities of the kind seen in earlier devices. The OPO does, however, amplify the
slow intensity fluctuations of the pump which makes it a very unstable device. These
fluctuations are not related to the presence of the OPO and are therefore clearly
originating from the pump laser itself. While, as predicted by the simulation, signal
2 usually dies down, it is possible to observe both pulses simultaneously for short
periods.
This observation indicates that the OPO of setup A does not suffer from the
common instability problems. It does, however, suffer from the unidirectionality
problem predicted by the simulation. The longer crystal and much tighter focusing
in this setup apparently provide enough nonlinear loss to stabilize the OPO related

108

Chapter 5. Intracavity Ti:Sapphire Pumped OPO
instabilities. This is supported by the fact that even with the OPO cavity blocked it
was not possible to self Q-switch the pump which is very unusual for a Ti:Sapphire
laser.

5.4.2

Setup B: Without Telescope

In this configuration the pump laser has a threshold of 4.40 W of incident 532 nm
light. It mode-locks above 4.60 W. By slightly misaligning any cavity mirror and
especially the MQW, it can be caused to self Q-switch. The OPO starts lasing at
about 4.73 W and causes instabilities to the pump laser. above 5 W of green pump
light incident on the Ti:Sapphire crystal, both OPO and pump are stable.
This setup as well shows a high sensitivity to misalignment of the curved end
mirror if the distance between mirror M1 and M2 is large. Decreasing this distance
yields a stable pump pulse with only occasional jumps and visible fluctuations in
output power.
The OPO is successfully operated at 1/2, 2/3 and 1 times the pump cavity
length. Instabilities clearly related to the OPO are observed (Fig. 5.3, 5.4 and 5.5).
While stable operation is still possible at low OPO output powers (3 µW to 20 µW),
configurations with higher output powers (up to 80µW) cause increasingly strong
and frequent fluctuations.
Signal 2 is very weak or not present in this configuration. To nevertheless obtain
2 OPO pulses, a length ratio of 2/3 is chosen. In this configuration each signal pulse
completes 3 round trips in the OPO before being amplified by a pump pulse. Thus
for each passage of the pump pulse through the PPLN crystal two signal pulses are
present and signal 1 and signal 2 both exist twice (see Section 2.13.2). If both type
2 signals die down, the two signal 1 pulses can still be used as reference and probe.
Since there is on average no intensity difference between the reference and probe
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Figure 5.3: The pulse trains of the unstabilized intracavity pumped OPO (setup B)
along with the pulse train of the pump laser. Due to the large timescale, individual
pulses can not be seen. The amplification of pump fluctuations in the OPO is clearly
visible.

(they are amplified by the same pump pulse in consecutive round trips), this setup
is insensitive to intensity fluctuations of the pump laser and OPO. The pulse train
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Figure 5.4: The pulse trains of the unstabilized intracavity pumped OPO (setup B)
along with the pulse train of the pump laser. Due to the large timescale, individual
pulses can not be seen. One can see the delayed response of the OPO that leads to the
delayed destabilizing feedback. Also note the steep falling of the pump intensity that
is due to the increase in OPO intensity. These observations are in good agreement
with the simulation and previous experiments (see Section 3.4.1, Figs. 3.2 and 3.3)
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Figure 5.5: The pulse trains of the unstabilized intracavity pumped OPO (setup B)
along with the pulse train of the pump laser. Due to the large timescale, individual
pulses can not be seen. Note again the delayed response of the OPO that leads to
the delayed destabilizing feedback as well as the amplification of pump fluctuations
in the OPO cavity. These observations are in good agreement with the simulation
and previous experiments (see Section 3.4.1, Figs. 3.2 and 3.3)
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Figure 5.6: The pulse train from the OPO with 2/3 length ratio between pump and
OPO. There are two signal pulses each of which completes three round trips before
interacting with the pump again. This oscilloscope trace of the OPO output shows
a combination of both their pulse trains. The pump pulse marked by the dashed
arrow amplifies the signal pulse marked by the three dashed arrows, the pump pulse
marked with the solid arrow amplifies the other signal pulse.
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is shown in Figure 5.6. With the 2/3 length ratio, the OPO cavity length can be
changed by about 110 µm suggesting a short pulse on the order of a picosecond or
low gain4 .
The OPO is continuously tunable from 1063 nm to 1275 nm by changing the
crystal grating and temperature and tuning the pump laser with the birefringent
filter. Best performance was observed between 1100 nm and 1260 nm.
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Figure 5.7: The beat note detected from the 2/3 intracavity pumped OPO without
averaging or smoothing.

To demonstrate the 2/3 harmonic intracavity pumped OPO as an intracavity
interferometer, a 1 mm long lithium niobate modulator is inserted into the cavity.
A sapphire plate at near Brewster angle is placed close to the crossing point of the
4 Note

that the OPO pulse in this configuration completes three round trips before being
amplified. The length mismatch is therefore multiplied by three.
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Figure 5.8: The beat note as function of peak to peak voltage applied to the modulator. The line corresponds to a least squares regression through all data points.
The linear relation between voltage and beat note indicates the absence of a dead
band, the fact that the regression line goes through the origin shows that there is no
bias beat note.

pulses at the center of the OPO cavity to extract the two pulses that are then delayed
and interfered on a detector (Fig. 5.2). The modulator needs to be driven with a
modulated voltage such that the reference pulse passes it at high voltage and the
probe pulse passes at low voltage. The modulation signal is derived from the pulse
train of the pump laser detected by a fast photodetector. It is filtered and passed
through a wavelength divide by two and a ECL to TTL circuit to obtain a square
signal at half the repetition rate of the pump. The third harmonic of this signal is
picked up and amplified to about 2 V peak to peak with a tunable RF amplifier.
The output of the RF amplifier thus has 3/2 times the repetition rate of the pump
laser, corresponding to 2/3 the cavity length and consequently fits the cavity length
of the OPO. This signal is then phase shifted appropriately with a delay line and
applied to the modulator. A different scheme in which the square signal could be
used directly to create a beat note was attempted (see Figure 2.10), but surprisingly
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no beat note could be observed.
The beat note measurement setup used (Fig. 5.2) is not optimal since it introduces
a dead band by reflecting part of the reference pulse into the probe pulse. It has to be
slightly misaligned to make a beat note visible. Even then the beat note appears and
disappears at random. The advantage of this setup is that it is very simple and does
not require a 50-50 beam splitter, which was not available at the time. The observed
beat note (Fig. 5.7) is recorded with a digital oscilloscope with a small memory.
Recorded data sets are not long enough to demonstrate the expected sub 1 Hz beat
note bandwidth. There is, however, no reason to doubt, that this bandwidth will be
achieved with the usual beat note detection setup (see Chapter 4). The beat note as
function of the peak to peak voltage applied to the modulator is shown in Figure 5.8.
Neither a dead band nor a bias beat note is observed.

Stabilization through Nonlinear Loss

Figure 5.9: A Barium Borate (BBO) crystal is added to the OPO cavity to create
the second harmonic of the OPO wavelength. This addition stabilizes the OPO.

116

Chapter 5. Intracavity Ti:Sapphire Pumped OPO
To demonstrate the stabilizing effect of nonlinear loss predicted in the simulation
(see Section 3.5.2) the OPO is brought to the same cavity length as the pump and
a lens (f =7 cm) is inserted to focus the intracavity beam on the OPO end mirror
(Fig. 5.9). A 5 mm long barium borate (BBO) crystal cut for type I birefringently
phase matched second harmonic generation at 1.3 µm (Θ=20.5◦ ) and anti-reflection
coated at 1260 nm and 630 nm is inserted about 1 cm from the end mirror. The
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Figure 5.10: The visible spectrum of the OPO with the BBO crystal in the cavity.
Visible are the pump at around 789 nm, the pumps (un-phase matched) second
harmonic at 394 nm, the (un-phase matched) sum frequency of the pump and the
signal at 488 nm, and the second harmonic of the signal at 640 nm. The signal at
1280 nm is outside the range of this spectrometer.

After insertion of the crystal a weak second harmonic signal of about 0.5 µW
is observed and measured with a calibrated silicon detector after separating the
different spectral components with a prism (Fig. 5.10). At this time the OPO output
is measured to be 120 µW through one of the flat end mirrors. Even though the OPO
output is comparably high, no OPO related instabilities are observed. If enclosed to
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Figure 5.11: Oscilloscope trace of the pump (bottom) and the OPO (top) pulse trains
with a time resolution of 100 ms per division. The entire trace corresponds to a 1 s
time interval. The small spikes seen in the OPO pulse train are due to the insufficient
number of samples recorded by the oscilloscope to resolve the short pulses. This is
due to the limited internal oscilloscope memory and gets worse, if longer pulse trains
are recorded.

prevent air currents, the OPO is seen to operate with a stable pulse train and without
visible intensity fluctuations for about 20 minutes (see Figure 5.11). While it is still
possible to cause the pump laser to Q-switch by misaligning one of its components it
is easily confirmed by blocking the OPO that this Q-switching is unrelated to OPO
operation. Q-switching or other fast pump instabilities related to the OPO have
not been observed with this setup, while they where common and easily identifiable
without the second harmonic crystal. The OPO maximum output power is slightly
higher with the second harmonic crystal than what was achieved without.
These results indicate that nonlinear loss in the OPO cavity is in fact capable of
stabilizing the instabilities common to intracavity pumped OPOs.
The signal 2 pulse is occasionally observed in the pulse train, and two pulse
operation is seen over short time periods (Fig. 5.12). It is also possible to only
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Figure 5.12: The OPO pulse train showing both signal 1 and signal 2. While the
two pulses oscillate in the OPO occasionally the nonlinear loss is not strong enough
to create two stable pulses.

observe signal 2 without signal 1 for short periods of time. This may be due to a
”hidden ring“ in the OPO cavity where the signal pulse follows different paths in its
back and fourth passages through the PPLN crystal (see Section 3.4.3). It is then
possible that signal 2 is better phase matched than signal 1. Occasionally two peaks
are observed at the signal and idler wavelengths in the OPO spectrum. This could
be due to the two signal pulses having different wavelength due to their different
phase matching condition (Fig. 3.8).

It is also found that in agreement with the simulation (Section 3.4.4) increasing
the length of the OPO leads to two unstable pulses while a perfectly matched length
yields one stable pulse.
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5.5

Conclusion

We demonstrate a synchronously intracavity harmonic pumped OPO and show that
it can be amplitude stabilized with the application of nonlinear loss. This opens
up possibilities for low cost highly efficient short pulse OPOs. The use of a long
anti-reflection coated PPLN crystal, rather than the commonly used Brewster cut
crystal simplifies the alignment.
We also apply the concept of harmonic pumping to this intracavity pumped OPO
to obtain two equal signal pulses. We record a beat note between those pulses to
demonstrate the device application as an intracavity interferometer.
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Chapter 6
Tapered Amplifier Ring Laser for
Pumping OPOs
6.1

Introduction

Results from the simulation detailed in Chapter 3 indicate that a semiconductor
laser may be a suitable source for intracavity pumping an OPO (Section 3.5.3).
Semiconductor lasers typically have excitation life times of a few nanoseconds and
therefore have no strong transient oscillations or Q-switching tendency that could
lead to OPO induced Q-switching. The challenge is to find a system that provides
sufficient pulse energy of about 1 nJ to pump the OPO (see Section 2.9). Tapered
amplifier lasers are a possible candidate.
The work described in this section was done together with Liu Ye and Andreas
Schmitt-Sody who both made a large contribution to the project. Ultrashort pulse
semiconductor lasers have been investigated as compact, efficient, low-cost sources
for a wide variety of applications, ranging from nonlinear frequency conversion, remote sensing and spectroscopy, to free space communication. Pioneering work with
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mode-locked semiconductor lasers dates back to the early 1980’s [55, 56]. Despite
two decades of extensive research on these lasers, their performances have not yet
approached those of crystalline host laser systems in terms of high output power
and short pulse duration. One of the basic challenges is that the small cross-section
area of the standard narrow stripe semiconductor laser limits the power that can be
extracted before laser damage occurs. Therefore the average output power is limited
to only a couple of milliwatts, and the energy per pulse typically to 20 pJ/pulse [57].
Newer designs, such as slab coupled optical wavegiude amplifiers (SCOWA) yield
better beam quality and noise characteristics, but no larger pulse energy [58]. Another difficulty is the complex nonlinear inter-relation between the optical field, the
current density and the index of refraction, resulting in pulse phase modulation that
can not be easily compensated. Pulse durations range from a few picoseconds to
just under one picosecond, in external cavities employing intracavity elements for
dispersion compensation or pulse compression. There are two possible solutions to
generate high average power short pulses with semiconductor lasers without any external amplification elements: (i) use of high average power vertical-external-cavity
surface-emitting (VECSEL) semiconductor lasers in ring or linear cavities [59] and
(ii) the use of tapered amplifiers in a ring oscillator configuration.

Tapered semi-

conductor amplifiers are laser diodes with an additional guiding structure confining
the beam in the plane of the semiconductor junction. The basic concept is to avoid
saturation and damage due to high intensities by having the beam expand throughout its passage through the semiconductor material. Different structures have been
proposed [60, 61]. Commonly used today is a variant with an index guided portion
for initial amplification followed by a gain guided expanding (tapered) region. After
leaving the initial wave guide the beam diffracts practically freely in the dimension
along the semiconductor junction. In the plane perpendicular to the junction it
stays confined until it leaves the semiconductor. Using two cylindrical lenses it is
then possible to create a high quality, near circular, collimated, high power output
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beam. Tapered amplifiers are more commonly used in a master-oscillator power amplifier (MOPA) setup, where the temporal and spatial characteristics of the output of
a low power oscillator are well maintained through amplification in a tapered structure [62, 63]. Instead, in the configuration presented here, the tapered amplifier is
used as gain medium in a cavity. The advantages over the MOPA configuration are
ease of alignment, a superior beam quality mostly defined by the cavity, and cost
saving since only one laser device is used. It is an unusual mode-locked oscillator
for having the highest gain per cavity round trip as compared to most solid state
mode-locked oscillators. An additional benefit is the unanticipated short pulse duration. Sub-picosecond pulses are generated by hybrid mode-locking without pulse
compression and post-amplification. As compared to conventional mode-locked semiconductor lasers, shorter pulse duration with higher peak power and pulse energy
are produced.

6.2

Setup

A commercially available TA is used, packaged with focusing and collimating optics
as well as an isolator. The optical isolator is required to protect the diode against
any reflection into the large cross-section facet that may result in laser damage in the
small cross-section input end of the device. For testing purposes, the TA was first
characterized in a MOPA setup, to determine the input intensity (using a Ti:Sapphire
laser as as source at 780 nm) and pump current, that lead to a saturated output.
The maximum input power for which no gain saturation is observed when increasing
the pump current was determined to be 7 mW. At that input power, the maximum
output power (at maximum pump current) is 610 mW, corresponding to a small
signal optical gain of 87 or 19.4 dB.
A sketch of the ring cavity is shown in Fig. 6.1, including the tapered ampli-
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fier, and a combination of a half wave plate (HWP) and a polarizing beam splitter
(PBS) to limit the power coupled into the input end of the TA, while extracting the
maximum amount of power from the ring laser.

Figure 6.1: Schematic of hybrid mode-locked external ring cavity semiconductor
laser. For mirror A a normal mirror was used in cw configuration and a multiple
quantum well mirror for mode-locking.

6.3

Alignment Procedure and Safety Precautions

If the cavity loss per round trip is too small and the average power at the TA input
exceeds 20 mW, the TA chip is destroyed. The main challenge when aligning and
operating the TA laser is to ensure that this never happens. This provides some
complication for the otherwise simple alignment procedure. It also requires some
consideration when operating the laser.
The fluorescence is clearly visible on both sides of the tapered amplifier. At a
pump current of about 1.2 A the beam is followed through the cavity in the direction
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of propagation of the pulse. Before aligning mirror M1, the wave plate regulating
the output coupling is adjusted such that the light reaching M1 is weakly visible
on a infrared (IR) viewer. It should then be well below the input level required by
the TA for amplification. The same structure visible in the beam right after the TA
should be visible at M1 indicating that the beam is well collimated or focused on
the TA input port. If a paper screen is placed inside the cavity between M1 and
the input of the TA, two spots are visible. One is from the weak beam propagating
in forward direction through the cavity and coming from M1, the other is from the
fluorescence leaving the input port of the TA and striking the paper screen from the
back. By moving the screen and adjusting M1 and an additional cavity mirror it is
then possible to make the two beams overlap over the entire distance from M1 to the
TA input. The half wave plate is then adjusted to maximum output coupling and
the paper screen is removed. carefully decreasing the output coupling may already
lead to lasing. If not, the output of the TA can be monitored through a mirror with
a sensitive detector and the dependence of the output power to the alignment of the
TA input beam can be optimized.
When tuning the output coupling there is no clear threshold. This is due to
the high gain of the device. A more dynamic reaction occurs when adjusting the
mirrors. Care should be taken that the mirror alignment is always optimal in order
to avoid damaging the device by accidentally improving the alignment. Another
safety measure to be considered is a fast detector behind mirror M1 that shuts down
the TA if the power is dangerously high. The reaction time does not need to be a
single round trip time. It has to be fast enough to react to changes in alignment or
temperature since these are the likely causes for input damage of the TA.
Before the device is turned off, the output coupling loss should always be set to
maximum. The TA may not set to be be operating at room temperature and when
switching it on needs time to reach the set operating temperature. Furthermore the
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temperature in the active region just after switching the device on, is significantly
below the equilibrium value. Since the TA operates more efficiently at lower temperatures, initial amplification is greater than in equilibrium and the TA may get
damaged, even if it was switched off with a safe amount of output coupling.

6.4

Results

In continuous wave operation (with a 100% reflection mirror at position A in Fig. 6.1),
the output power (measured at position O in Fig.6.1) versus current characteristic of
this laser shows a threshold current of 1.1 A, and a spectrum centered at 781 nm, with
a FWHM of 0.58 nm at a temperature setting of 30◦ C. The vertical and horizontal
beam profiles shown in Fig. 6.2 are seen to be nearly Gaussian with a M 2 of 1.07. It
appears thus that the spatial mode is determined by the external cavity, rather than
by the tapered amplifier.

Figure 6.2: Laser beam profile and M 2 measurement. The evaluation of the data
was done by Andreas Schmitt-Sody.
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The relation between the TA input and the laser output (Fig. 6.3) was measured
by adjusting the output coupling via HWP1 and measuring the TA input through
mirror M1. The peak output is well below the maximum possible output of the TA
at the applied current and temperature due to the high losses in the cavity. Those
losses result from low reflectivity mirrors and the high absorption in the MQW. This
measurement was done with a MQW inserted in the cavity instead of the mirror at
position A, but no mode-locking operation since the MQW did not introduce enough
modulation to start the mode-locking.

Output Power (mW)

350

2A
2A(a)
1.3A
1.3A(a)

300
250
200
150
100
50
0
0

200

400

600

800

1000

1200

7% of Input Power(µW)
Figure 6.3: Laser output power versus intracavity TA input power at different pump
currents. The TA input power is monitored behind mirror M1

Mode-locking is achieved by a combination of a Multiple Quantum Well (MQW)
saturable absorber, and current modulation at the cavity repetition rate. Because of
the very large gain of the amplifier, it is possible to use a large number of quantum
wells, providing deep modulation. The MQW saturable absorber is designed with 10
Al0.1 Ga0.9 As layers, — a composition that has been designed for saturable absorption
at 795 nm [64] — deposited on top of a Bragg reflector. Double passage through
these 10 layers results in a small signal absorption of 20% at the design wavelength.
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The MQW is placed inside the cavity at position A. A RF signal at 88.2 MHz
from a signal generator1 is amplified (Mini Circuit ZHL-1-2W) to a peak to peak
voltage of 4.5V, and applied via a bias-T of 50Ω impedance. The RF frequency is
fine-tuned to match the mode-spacing of the external cavity. In addition, the RF
modulation power and DC bias current are properly adjusted until optimum modelocking is achieved by observing the output pulse train on the sampling oscilloscope
and the electrical signal on the electrical spectrum analyzer. An output power of
40 mW can be extracted from the polarizing beam splitter (output marked as O in
Figure 6.1). Higher power can readily be obtained since the TA can deliver >500
mW output, but results in a degradation of the mode-locking. This is due to the fact
that the higher gain is no longer matched by the loss from the saturable absorber
being used. It should be possible to solve this problem by increasing the modulation
depth of the MQW, as has been done in other high gain mode-locked lasers. High
gain flash lamp pumped solid state lasers have been successfully operated with 100
quantum wells [65]. Alternatively, one can insert additional MQWs in the cavity. The
introduction of an additional MQW (same composition as the first MQW but with
only 5% modulation) enables us to extract 60 mW instead of 40 mW. This second
MQW was inserted right after the first. In addition it has led to the observation of
self starting mode locking without RF modulation at low (<10 mW) output powers.
The pump current had to be adjusted (1.8 A) to assure that the power coupled into
the TA stays low at the lasing threshold. Power fluctuates greatly the threshold
level and it is advisable to maintain a large difference between the power coupled
into the TA at threshold and the power level that would cause damage to the TA.
For operation at a threshold close to the coupling limit, a current limiting device
is advisable to prevent the input intensity to approach the damage threshold of the
TA. Because of the different pump current no direct comparison can be made with
1a

detector, a saturable amplifier and phase shifter could be substituted to the signal
generator
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the setup with just one MQW.
A salient feature of diode lasers is the short upper state lifetime and low saturation fluence of semiconductor materials, characteristics similar to that of dye lasers.
As a result, there is no tendency to Q-switching as is the case in most solid state
lasers (such as Nd:vanadate, Ti:sapphire, Cr:LiSAF, etc . . . ). The output pulse
train obtained with the unidirectional semiconductor laser is indeed operating in
continuously mode-locked regime, without any Q-switching instabilities. The detector output was also observed with an RF spectrum analyzer. No low frequency
resonances were found.
The pulses were further characterized by an optical spectrum analyzer (Ando AQ6315A). The spectral width was measured to be 2.15 nm with the RF modulation
signal applied, as compared to 0.58 nm without RF modulation (Fig. 6.4).

∆λ=0.579nm

∆λ=2.155nm

Figure 6.4: Optical spectrum with RF modulation on. Inset, RF modulation off.
The data was taken by Liu Ye.

A collinear autocorrelation with the exact ratio of 3:1 (Fig. 6.5) indicates a well
defined sub picosecond pulse [66]. Finally, the pulse duration was measured by in-
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tensity autocorrelation. The autocorrelation is seen to fit a sech2 shape of 0.5 ps
duration. The observation of sub picosecond pulses from this laser was unexpected,
given that there is no dispersion compensation. The short pulse duration can be explained by the large nonlinear attenuation (20% to 30%) of the MQW, as compared
to the fraction of a percent used in conventional solid state fs lasers. Another possibility is that due to the high gain, this laser can operate at an intracavity intensity
significantly lower than the gain saturation intensity. This would prevent gain saturation, which is the major source of pulse broadening in semiconductor lasers. The
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Figure 6.5: Intensity autocorrelation trace of generated pulse. Measurement and
evaluation where done by Liu Ye.

use of dispersion compensation should enable us to achieve shorter pulse durations
since it will compensate to some degree the high self-phase modulation inside the
semiconductor [67] and the dispersion from all the other cavity elements. Reduction of pulse duration by 30% in a semiconductor laser has previously been reported
by using gratings ([68]) for dispersion management inside and outside of the cavity.
Since TA diodes are tunable over a range of 20 nm, the spectrum can easily support

130

Chapter 6. Tapered Amplifier Ring Laser for Pumping OPOs
shorter pulses. Higher repetition rates were limited by the bias-T provided for the
TA which is not designed for frequencies exceeding 100 MHz.

6.4.1

Tunability of the Laser

For this experiment, we inserted two prism pairs inside the cavity right after the
isolator before the MQW. The laser is tuned by translating a 1 mm square aperture
through the beam after the second cavity prism. We were able to tune the laser
in cw mode over the range of 20 nm and in mode-locked operation 10 nm which is
shown in figure 6.6. Very limited tuning (about 6 nm) can additionally be achieved
by adjusting the TAs operating temperature between 16◦ C and 28.5◦ C. It should be
noted that the wavelength range of the TA, when used to amplify a tunable master
signal, is more than 40 nm, and significantly larger than what we observed from our
cavity. For example a more than 10 fold amplification can be achieved for a 795 nm
seed. This leads us to conclude that the tunability could be greatly improved with
a more sophisticated tuning method such as a lens before the prisms to focus on the
slit or a system of gratings instead of prisms.

6.4.2

Limitations

The high gain of the device makes it technically possible to introduce a large number
of additional elements to improve its performance. A non-linear chirp compensation
and a MQW with a large modulation depth are examples. Fundamental limitations
are set by the reproducibility of the amplification process in the tapered amplifier.
In theory one can hope to compensate any unwanted effect on the pulse as long as
it does not change from pulse to pulse. Fast random phase fluctuations resulting for
example from current changes in the TA or initially small fluctuations in the beam
profile cannot be compensated for. The pulse energy is limited by the comparably

131

Chapter 6. Tapered Amplifier Ring Laser for Pumping OPOs

Output Power (mW)

100
90
80

2A
1.3A
pulsed

70
60
50
40
30
20
10
0
776 778 780 782 784 786 788 790 792 794 796

Wavelength (nm)
Figure 6.6: The output power as a function of the center wavelength is shown.

short lifetime of the excited electrons in the TA. It limits the amount of energy that
can be stored in the TA at a given pump current. Since it is on the order of 1 ns,
decreasing the repetition rate below 1 GHz will not result in an increase in pulse
energy. A continuous wave output power of 1 W would thus lead to a maximum
pulse energy of about 1 nJ.

6.5

Conclusion

A novel external ring cavity hybrid mode-locked semiconductor laser, constructed
with a tapered amplifier is demonstrated. Hybrid mode-locking is achieved by combining RF modulation with a MQW saturable absorber, resulting in minimum pulse
lengths of 0.5 ps and average power as high as 60 mW. The peak power of 1.4 kW,
and total pulse energy above 0.68 nJ represent more than an order of magnitude
improvement from those produced by conventional narrow stripe mode-locked semiconductor lasers [68].
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These quantities, along with the stability, robustness, spatial beam quality, and
easy to align design make this system a promising replacement for applications requiring high power [69, 70] and where measurements are preformed intracavity [17].
The amplifier and MQW saturable absorber can be tailored to any wavelength in the
visible-near IR range [64]. The high gain per round trip makes this an unusual and
interesting mode-locked cavity. Further study, for example of the effect of a change
in the order of cavity elements, could lead to a better understanding of mode-locked
laser cavities in general.
The maximum pulse energy obtained from the device is, however, marginal at
best for pumping an OPO (see Section 2.9). Further more, because of the high
output coupling required, the energy of the pulse in the cavity is only little higher
than the energy of the output pulse. For these reasons it was concluded that a
Tapered Amplifier laser is not well suited as intracavity pump for an OPO.

133

Chapter 7
Simulation of Cavity Auto
Stabilization with Slow Light

7.1

Introduction

The performance of an OPO intracavity interferometer is expected to greatly improve
with stabilization of the frequency combs of the reference and probe pulses that
are used to create the beat note. Stabilization consists of stabilizing the separation
between the teeth of the frequency comb, which is equivalent to stabilizing the cavity
repetition rate. This can be achieved using the dark line resonance of rubidium
considered in this chapter. This chapter focuses on the math related to simulating
this behavior. For a detailed description of the physics of this phenomenon and the
stabilization effect, refer to [7]. In an OPO interferometer rubidium would be used
to stabilize the pump laser. The repetition rate of the OPO has to equal the rate
of the pump in a synchronously pumped setup. To stabilize the length of the OPO
cavity it is then necessary to stabilize the spectral envelope of the OPO pulses, since
OPO cavity length and spectral envelope are related via the OPO length tuning
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effect (see Section 2.14.2). This can be done with a feedback loop that detects the
OPO spectrum and adjusts the OPO cavity length with a piezo translator [35]. For
some experiments not only the mode spacing of the frequency comb, but also the
absolute position of the comb (the “carrier to envelope offset”(CEO)) needs to be
stabilized. This can be done by locking the OPO cavity to a reference cavity or a
natural absorption line.
Dark line resonances in rubidium have been studied by Ladan Arissian [7] for
the purpose of passive repetition rate auto stabilization of a laser cavity. An algorithm was developed to simulate the interaction of the rubidium with a pulse train.
This code was combined with the intracavity simulation described in Chapter 3 to
investigate the stabilization effect. The current state of this effort is described in
Section 7.2. A greatly simplified algorithm was developed and shows the desired
auto stabilization behavior. It is described in Section 7.3.

7.2

Full 4-Level Model

The derivation of the model is covered in detail in [7]. This section briefly lists the
important steps. The result is a set of first order ordinary differential equations to
be solved numerically in the simulation to determine the effect of the rubidium in
the pulse and vice versa. The interaction of interest is the interaction between the
hyper fine split 5S1/2 and 5P1/2 levels in rubidium 87 (Fig. 7.1). The most complete
way to model this system is by solving the Heisenberg equation of motion
dρ
= [ρ, Ĥ + p̂E] − Γρ
dt

(7.1)

for a 4 level density matrix. Ĥ represents the Hamiltonian, E the scalar electric
field. The dipole operator p̂ and the decay matrix Γ are material constants. The off
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Figure 7.1: The four levels in rubidium 87 taking part in the interaction with the
laser pulse. A 4x4 density matrix is used to model this system. Figure taken from [7]
diagonal elements of ρij have a rapidly oscillating component. To simplify we use
the rotating wave approximation
ρij =

σ̃32 eiωt
.
2

(7.2)

We obtain the coupled linear differential equations
dρ11
dt
dρ22
dt
dρ33
dt
dρ44
dt
dρ21
dt

p31
p41
Γ3
Im(Ẽ ∗ σ̃31 ) −
Im(Ẽ ∗ σ̃41 ) + ρ33 +
2h̄
2h̄
2
p32
p
Γ
42
3
− Im(Ẽ ∗ σ̃32 ) −
Im(Ẽ ∗ σ̃42 ) + ρ33 +
2h̄
2h̄
2
p32
p31
∗
∗
)−
) + Γ3 ρ33
− Im(Ẽ σ̃31
Im(Ẽ σ̃32
2h̄
2h̄
p42
p41
∗
∗
)−
) + Γ4 ρ44
− Im(Ẽ σ̃41
Im(Ẽ σ̃42
2h̄
2h̄
i
∗
)
−i(ω2 − ω1 )ρ21 − (p32 Ẽ ∗ σ̃31 − p31 Ẽ σ̃32
4h̄
i
∗
) − Γ21 ρ21
(p42 Ẽ ∗ σ̃41 − p41 Ẽ σ̃42
4h̄

= −
=
=
=
=
+
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dσ̃31
dt
dσ̃41
dt
dσ̃32
dt
dσ̃42
dt

ip31 Ẽ
(ρ33 − ρ11 ) +
h̄
ip41 Ẽ
= −i(ω4 − ω1 − ω)σ̃41 −
(ρ44 − ρ11 ) +
h̄
ip32 Ẽ
= −i(ω3 − ω2 − ω)σ̃32 −
(ρ33 − ρ22 ) −
h̄
ip42 Ẽ
= −i(ω4 − ω2 − ω)σ̃42 −
(ρ44 − ρ22 ) −
h̄
= −i(ω3 − ω1 − ω)σ̃31 −

ip32 Ẽ
ρ21 − Γ31 ρ31
h̄
ip42 Ẽ
ρ21 − Γ41 ρ41
h̄
ip31 Ẽ ∗
ρ − Γ32 ρ32
h̄ 21
ip41 Ẽ ∗
ρ − Γ42 ρ42
h̄ 21

(7.8)
(7.9)
(7.10)
(7.11)

The change in electric field due to a passage through the rubidium is
dE
= −i(a31 σ31 + a32 σ32 + a41 σ41 + a42 σ42 )
dt

(7.12)

with material constants ai,j .

7.2.1

Differential Equation Solvers

A system of first order ordinary differential equation (ODE) can be expressed as [49]
d~y (t)
= f~(t, ~y (t)).
dt

(7.13)

The simplest possible solution is the Euler algorithm. To propagate a system from
a state ~yn at time tn to a state ~yn+1 at a later time tn+1 = tn + h
~yn+1 = ~yn + hf~(tn , ~yn ).

(7.14)

In theory it solves any ODE with any desired precision of the step size h is chosen
sufficiently small. In practice, because of limited processing power, that is often not
possible. In fact Press et. al. [49] recommend to never use the Euler method and to
use instead the only slightly more involved fourth order Runge-Kutta method
~k1 = hf~(tn , ~yn )
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~yn+1

~
~k2 = hf~(tn + h , ~yn + k1 )
2
2
~
~k3 = hf~(tn + h , ~yn + k2 )
2
2
~k4 = hf~(tn + h, ~yn + ~k3 )
~k1 ~k2 ~k3 ~k4
= ~yn +
+
+
+ .
6
3
3
6

(7.15)

This method calculates the value of f~ at intermediate points between tn and tn+1
and uses the information to get a better value for ~yn+1 . It uses not only the slope
of y(t), but also its curvature and change of curvature to determine the position of
the next point yn+1 . It requires four evaluations of f~(~(y), t) instead of just one, but
because of its much better stability a significantly larger step size can be chosen.
The overall processing time can thus be dramatically decreased with only very little
added complexity to the code.
There are numerous other methods similar to the Runge-Kutta method that all
vary in how they determine and incorporate the information from different points of
~y (t) and f~(~y (t), t). Of particular interest are implicit methods of the form
~yn+1 = ~yn + h(β0 f~(~yn+1 , tn ) + β1 f~(~yn , tn ) + β2 f~(~yn−1 , tn ) + ...).

(7.16)

Where the coefficients βj depend on how many terms are to be included. In this
method the values ~yn+1 appear on both sides of the equation. Provided with a
vector of initial (guessed) values ~yn+1 we can iterate this formula until it converges.
It is important to note that this formula is essentially a Taylor expansion of f~ using
the previous, known values of f~. If a finite number of terms is included, then the
Taylor series only approximates the actual function f~ and the method converges to
a slightly wrong value. So the fact that the series yn+1 converges does not mean that
the obtained value for yn+1 is accurate.
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For solving the Schrödinger equation it has been shown [71] that a predictor
corrector method, namely the Butcher algorithm is best suited. This algorithm is a
combination of an explicit method, like the Runge-Kutta method, and an implicit
one. First an explicit formula, the predictor, is used to calculate ~yn+1 :
³
´
~k = ~yn−1 + h 9f~(~yn , tn ) + 3f~(~yn−1 , tn−1 ) ~yn+1 =
(7.17)
8
´
1
h ³ ~~
=
(28~yn − 23~yn−1 ) +
32f (k, tn + h/2) − 60f~(~yn , tn ) − 26f~(~yn−1 , tn−1 )
5
15

The resulting ~yn+1 is then used as initial value in an implicit formula, the corrector:
1
(32~yn − ~yn−1 ) +
(7.18)
31
´
h ³ ~~
+
64f (k, tn + h/2) − 15f~(~yn+1 , tn+1 ) − 12f~(~yn , tn − f~(~yn−1 , tn−1 )
93

~yn+1 =

The corrector is iterated until it converges and the speed with which it converges
is a good indicator for the accuracy of the method. The coefficients used in the
Butcher equations have been recalculated to confirm the values obtained from the
literature [72]
To test the Butcher algorithm a simple differential equation was solved:
dE
= iκE
dt

(7.19)

The solution to this equation describes a circle in the complex plane.
E(t) = eiκt

(7.20)

A simple but comprehensive way to determine the error of the numerically obtained
solution for E(t) is to compare its absolute value to the absolute value of the initial
E(t0 ). While the absolute value of the analytical solution is always one, in numerically obtained solutions the magnitude generally increases with t. This method was

140

Chapter 7. Simulation of Cavity Auto Stabilization with Slow Light
used to compare the simple Euler method, the fourth order Runge Kutta method
and the Butcher method. It was found that the Euler method produced errors several orders of magnitude larger than either of the other methods, which confirms the
suggestion that it is far inferior to even the simplest higher order methods and should
not be used. Surprisingly the Runge Kutta method beats the Butcher method in
this benchmark. The Butcher predictor corrector method [72] has been found best
for solving Schrödinger type equations [71] and consequently was used for simulating
the rubidium four level system.
The complete simulation code as described in [7] has been rewritten to interface
with the simulation. It also employs the FORTRAN95 way of passing a subroutine
as an argument to another subroutine to implement the differential equation solver
in a way that it can easily be exchanged by another algorithm. Different solvers can
so be tested without altering the simulation. An overview of this approach is given
in appendix E

7.3

Simplified Model

A simplified model for the interaction is helpful for a first model of the interaction
between the rubidium and the laser. Simulating intracavity behavior requires the
algorithm to be stable for a large variety of input pulses and over long periods of
time. Care has to be taken that numerical uncertainties do not add up during the
simulation and that large fluctuations in the pulse shape and area as they may occur
in the transient behavior of the laser do not exceed the limits of the applied method.
Doing this with the complete four level system has proven extremely challenging.
The theory is therefore simplified to the largest extend possible without loosing
the required stabilizing behavior of the system. We will neglect the decay of the
density matrix elements Γi,j = 0. As previous simulations show [7] the pulse train
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”pumps” the rubidium to maintain coherence and prevent the decay. All further
influence of the pulse train on the rubidium is neglected. We also ignore the fourth
level at ω4 since it is not essential to capture the stabilization behavior of the system.
The equations then reduce to

dρ11
dρ22
dρ33
dρ44
=
=
=
=0
dt
dt
dt
dt
dρ21
= −i(ω2 − ω1 )ρ21 = −iωrt ρ21
dt
dσ̃31
=0
dt
dσ̃32
= −iωrt σ̃32
dt

(7.21)
(7.22)
(7.23)
(7.24)

Thus
σ̃32 (t) = e−iωrt t

(7.25)

and according to Eq. (7.12) for a field Ẽ0 passing through the rubidium at time t
approximately:
Ẽ1 = Ẽ0 + e−iωrt t ∆t

(7.26)

If the pulse repetition rate is really ωrt then pulse and rubidium can be in phase and
the rubidium will act like a gain. If not they will go out of phase and in an average
over many round trips the rubidium will not affect the pulse. The rubidium therefore
acts like a time-modulated gain or loss to the pulse. If the pulse round trip time is
equal to 2π/ωrt the pulse can pass the rubidium cell at a time when it sees minimum
loss. To roughly simulate this behavior it is sufficient to multiply this modulated
loss to the pulse:
dẼ(t)
= sin(ωr t(T + t))
dt

(7.27)
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where t is the time in the frame of reference of the pulse (t = 0 at the center of the
pulse) and T0 is the time since the start of the first round trip. As can be seen in
Figure 7.2 the simulation predicts substantial stabilization for this very simple time
domain model.
350
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Round Trip
Figure 7.2: The stabilization effect in a greatly simplified rubidium model. The
change in round trip time from the initial state ∆τrt is shown while increasing the
cavity length by 100 µm over 10000 round trips. The dashed line represents the laser
without the rubidium and the solid line the stabilized laser. The pulse width of the
laser is 30 ps. The pulse energy decreases notably when the cavity length increases
in the stabilized case. The cavity length used was 3 meters.

We have assumed here that the only effect of the pulse train on the rubidium is
to maintain its coherence. It has been shown that this is a valid description when
the rubidium interacts with a pulse train of the correct repetition rate outside the
cavity [7]. Inside the cavity the pulse train has this correct repetition rate if the stabilization from the rubidium is working. The assumption of a clean repetition rate is
thus correct for the stabilized cavity. In a way this is a circular argument. The model
cannot describe how auto stabilization starts or stops. But it does indicate that if
coherence between the cavity and the rubidium is established it will be maintained
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for a sufficiently wide range of cavity lengths.
From here one can gradually add complication to the model. The next suggested
step is to prepare the complete four level algorithm such that it shows the described
periodic oscillation in the off diagonal elements such as ρ32 when excited with a
clean constant pulse train of Gaussian shape and fixed area. This has already been
successfully done by Ladan Arissian and the code need simply be modified to be
compatible with the rest of the simulation. It can then be inserted in the cavity
considering only its effect on the laser pulse train but not the lasers effect on the
rubidium. In other words it provides the periodic modulation effect of Eq. 7.27,
but is still independent of the intracavity pulse itself. A similar stabilizing behavior
as that seen in Figure 7.2 should be observed. In a next step one should simulate
the behavior of the Rubidium if pumped by the laser pulse and not by an idealized
Gaussian, this time ignoring the effect the rubidium has on laser operation. This
was attempted but has not yet been successful since much greater demands to the
stability of the algorithm have to be met. Finally the rubidium can be ”inserted”
completely into the cavity with both the rubidium and the laser influencing each
other.
The described modulated loss may also be observed experimentally in a pump
probe experiment with a strong pump pulse maintaining the coherence and a weak
delayed probe derived from the same pulse train.

7.4

Conclusion

To simulate the interaction between the dark line transition of rubidium 86 and an
active laser cavity, we have developed a four level density matrix model to be inserted
into the existing laser simulation. Different differential equation solvers have been
tested. The new rewritten code makes it easy to interchange differential equation
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solvers without altering the rest of the simulation. A greatly simplified description
of the interaction was developed and a substantial stabilizing effect has been shown
in the simulation.
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Future Work

8.1

SPIN

The scanning phase intracavity nanoscope (SPIN) is an application of intracavity
interferometry. Using an electro-optic modulator and a polarizing beam splitter
inside the OPO cavity, part of the probe pulse is directed to a weakly reflective
sample. The light reflected from it recombines with the rest of the probe pulse and
influences its phase. Information about refractive index of the sample, integrated over
the probe pulses path is therefore transferred into the cavity and can be detected
as a beat note. By probing the sample from different angles the three dimensional
structure of the sample can be obtained by a tomographic reconstruction. The
method is expected to provide images from in vivo biological samples on a nanometer
scale without the use of fluorescent dyes to tag the samples. The original design
proposed by Jean-Claude Diels uses near infrared OPO light to probe the samples.
Because of the high absorption of water in the infrared [73] it is desirable to probe
samples in the visible. For this purpose a small modification to the SPIN setup is
investigated that uses the second harmonic of the OPO light for probing the sample.
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8.1.1

Original Setup

Figure 8.1: The original setup of SPIN with the OPO gain (periodically poled lithium
niobate, PPLN) an electro-optic modulator (EOM) and a polarizing beam splitter
(PBS).

In the original setup the reference and probe pulses oscillate in an OPO. They
are passed through an electro-optic modulator that rotates the polarization of only
the probe pulse. The beam then passes a polarizing beam splitter where the rotated
(probe) and the un-rotated (reference) pulses are directed to different end mirrors
(reference and sample mirror). Without a sample this setup measures the relative
displacement of the sample and reference mirrors. If the probe pulse polarization is
rotated by much less than 90◦ , only a small part of it will reach the sample mirror.
The rest will travel to the reference mirror. That way the sample is only exposed to
very little light but the phase information is still transferred to the probe pulse when
it recombines at the beam splitter since the two electric fields add there. Because
only a small part of the reference pulse undergoes the phase shift in the sample, the
sensitivity is greatly reduced. Instead of ≈10 femtometers of depth resolution shown
for simpler intracavity interferometers (see Chapter 4), only about 1 nm is expected.
This resolution is however still far beyond resolutions previously realized with visible
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or near infrared light.
This setup causes complications because, if the reference and sample arm do not
have exactly the same length the combination of the two arms acts itself like a wave
plate or modulator. The long wavelength of the pulse is also undesirable for probing
organic samples because of high water absorption.

8.1.2

Alternative Setup

Figure 8.2: The proposed new setup for SPIN, with a second harmonic generating
(SHG) crystal and a polarizing beam splitter (PBS) or a specially coated mirror to
separate second harmonic and fundamental. An electric field is applied to the SHG
crystal when the reference pulse passes to prevent phase matching.

Alternatively one could remove the electro-optic modulator as well as the polarizing beam splitter from the cavity. Instead, a crystal for second harmonic generation
of the OPO pulse is inserted. A mirror coated for high transmission for the fundamental and high reflectivity for the second harmonic is inserted at an angle to
direct the second harmonic to the sample mirror. The second harmonic of the sample pulse then travels to the sample mirror and recombines with the fundamental of
the sample pulse in its way back. The phase information contained in the second
harmonic is transferred to the fundamental. The reference pulse should of course
not interact with the sample. Thus the SHG process has to be turned off somehow
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for the reference pulse. One option would be to apply an electric field to the second
harmonic crystal to destroy the phase matching during the passage of the reference
pulse. Ideally the field should turn a broad band phase match into a broad band
mismatch.

Phase Transfer from Second Harmonic to Fundamental
References [74, 75] contain a detailed theoretical treatment of the phase transfer. The
simple investigation done here only demonstrates that a considerable phase transfer
does in fact occur. The coupled wave equation for the fundamental wave in second
harmonic generation under the assumption of perfect phase matching ∆k = 0 is
2iωf2 def f
dEf
=
E2 Ef∗ .
dz
kf c2

(8.1)

We define the second harmonic field E2,0 that is chosen to have a phase such that it
is depleted and converted to the fundamental. We also define a differential change
in the fundamental field amplitude for this case as
Ã

dEf
dz

!

=
0

2iωf2 def f
E2,0 Ef∗ .
kf c2

(8.2)

If we now assume that the second harmonic field has additionally a small phase
change φ we see from
2iωf2 def f
dEf
=
E2,0 eiφ Ef∗ =
2
dz
kf c

Ã

dEf
dz

!

eiφ

(8.3)

0

that this phase change is efficiently transferred to the fundamental.
This is similar to a phenomenon called ”giant nonlinear index” [74, 75] where a
signal passes through a dispersive medium together with its second harmonic and
is combined with it afterwards. The phase shift picked up by the second harmonic
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is transferred to the fundamental signal. Since the strength of the second harmonic
depends non-linearly on the strength of the signal itself the phase shift on the signal
is larger for larger signal intensities and acts like a nonlinear index.

Required Field Strength and Material
This section investigates how phase matching a birefringently phase matched second harmonic crystal can be removed with the application of an electric field. The
~ and the electric field E
~ are in general related through the dielectric
displacement D
tensor ²
¯
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(8.4)

If the coordinate system is chosen such that its axes are the same as the optic axes of
the crystal the dielectric tensor is diagonal and the diagonal elements represent the
square of the refractive index for the light polarized along the respective optic axis.
To convert back from the displacement to the electric field we require the inverse of
~ l , i. e. a given
the dielectric tensor η = ²−1 . For a given electric field amplitude E
¯ ¯
polarization and propagation direction of a light field, it is possible to determine a
scalar quantity ²ef f = 1/ηef f = n2ef f that represents the refractive index seen by
that light field. This scalar quantity ²ef f is the proportionality constant relating
~ l | = ²0 ²ef f |E
~ l |. It can thus be determined
the displacement and the electric field |D
through
²ef f =

~ l|
|E
~ l|
|η E
¯

(8.5)

if η is known.
¯
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Starting from the refractive indexes along the optic axes of the crystal it is trivial
to determine η using
¯
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~ dc alters η. This alteration can be described
The application of a static electric field E
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~ dc with the
The ∆ni (Edc ) in turn are calculated as a six-vector from the product of E
matrix of electro-optic coefficients r.
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r61 r62 r63

For different crystal classes it is possible to set different elements of r to 0. The
¯
remaining elements rij can be obtained from the literature (see e. g. [4]).
The coherence length for phase matching of second harmonic generation in a
nonlinear medium is defined as [4]
Lcoh = 2/∆k

(8.9)
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for a wave vector mismatch ∆k. ∆k is the difference in the wave vector of the
fundamental kf and the wave vector of the second harmonic k2 . After propagation
of Lcoh through the medium the second harmonic will be converted back to the
fundamental. Phase matching the interaction means minimizing ∆k since as ∆k → 0
also Lcoh → inf. If ∆k is instead chosen such that for a crystal of length L
∆kL
=π
2

(8.10)

the entire second harmonic signal is converted back to the fundamental and no second
harmonic light leaves the crystal. We assume a phase matched crystal with ∆k = 0
as initial condition. Then we apply an electric field such that
∆kL
L
=
(kf − k2 ) =
(8.11)
2
2
³
´
³ ´´
³
³
´
³ ´´
πωf L ³
~ dc − nef f,f ~0 − 2 nef f,2 E
~ dc − nef f,2 ~0
=
nef f,f E
c
= π.
For a cubic crystal there are three convenient ways to apply the electrodes for the
generation of the DC electric field that correspond to attaching electrodes to two
opposite of the 2 surfaces of the crystal. We assume that the crystal is cut in such a
way that the propagation direction perpendicular to the entrance and exit facets of
the crystal is the one along which second harmonic generation is birefringently phase
matched (i.e. the crystal is ”cut for second harmonic generation” at the wavelengths
under consideration).
The procedure to determine the electric field required for phase-dematching a
given crystal can be summarized as follows:
• Use SNLO1 to find possible phase matching configurations for the crystal. The
1A

free software by Arlee Smith. Available at www.sandia.gov
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result should be the required angle(s) between the beam propagation and the
optic axis/axes of the crystal.
• Obtain the refractive indexes nxx , nyy and nzz of the crystal. These are available
in SNLO.
• Obtain the elements rij of the electro optic coefficient matrix of the crystal.
For some crystals these are listed in [4].
• Calculate the inverse dielectric tensor through Eq. (8.7) and the effective refractive index through Eq. (8.5). Do this for both the fundamental and the
second harmonic both with and without applied field and calculate
³

³

´

³ ´´

~ dc − nef f,f ~0
nef f,f E

³

³

´

³ ´´

~ dc − nef f,2 ~0
− 2 nef f,2 E

.

(8.12)

• Repeat the above step for different electric fields to generate a plot of the
change in refractive index mismatch as a function of the electric field
• Use this plot to determine for what field Eq. (8.11) is fulfilled.
With this procedure the electric field requirement can be determined for all three
electrode configurations. The one that requires the smallest field to achieve condition (8.11) is chosen and the electric field is listed as a benchmark of this particular
crystal material. The procedure is applied to a variety of interesting crystals and the
best is chosen for the task.
From this treatment it can be seen that the voltage amplitude required is on the
order of several kilovolts for suitable materials. This is comparable to the half wave
voltage of an electro-optic modulator as should be expected. Unfortunately applying
a field to the SHG crystal will in general also change its index of refraction for the
fundamental. This will introduce a large beat note and is not desirable. Unless
this problem can be overcome, placing a modulator in the sample arm to rotate the
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second harmonic is probably the better solution. This approach is described in the
following section.

Rotation Modulator in the Sample Arm

Figure 8.3: An alternative new setup for SPIN. An electro-optic modulator (EOM) is
inserted to rotate the second harmonic in the sample arm. This prevents the creation
of a bias beat note on the main pulses.

De-phase matching the second harmonic with an electric field has the disadvantage that it would also change the index of refraction of the material and act as a
periodically changing modulator creating a large bias beat note. This is not desired.
Instead of de-phase matching the crystal it may therefore be better to prevent the
second harmonic of every reference pulse from recombining with its fundamental.
This could be done with an electro-optic modulator in the sample arm driven at
quarter wave voltage (Fig. 8.3). It would then rotate the reference pulses second
harmonic such that is passes through the polarizing beam splitter instead of being
reflected to recombine with the fundamental.
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8.2

VECSELs for Pumping OPOs

The work presented in this section is the result of a combined effort by several people.
Andreas Schmitt-Sody first suggested using VECSELs for OPO pumping and tested
the first sample grown by Darwin Serkland. It was not possible to observe gain in
this sample. Mikael Hosatte recently did a major part of the work on the project.
The contents of this section describes the current state of the project. No working
device has been built so far. The project is however highly promising and should be
continued.
Vertical external cavity surface emitting lasers (VECSEL) can provide high intracavity powers and good beam quality [76]. They have shown to produce pulse widths
down to a few hundreds of femtoseconds. As semiconductor lasers they have short
fluorescence lifetimes and are good candidates for intracavity pumping of OPOs.
This section summarizes the ongoing efforts to design a working VECSEL at a wavelength of 795 nm to replace the Ti:Sapphire laser as a pump source. VECSELs are
considerably more efficient than Ti:Sapphire lasers and could replace them for OPO
pumping for all but the shortest pulse widths (see Section 3.5.3).

8.2.1

Materials

The Alx Ga1−x As material system is well suited for this application. As shown in
Figure 8.4, AlAs and GaAs are nearly lattice matched. Only crystals with very high
Gallium content absorb the laser light of 795 nm or 1.56 eV. The wells need to have
a band gap below the energy of the laser light. Al0.09 Ga0.91 As is chosen. The barriers
between the wells have to be transparent for the laser light, but need to absorb the
pump light at 670 nm or 1.85 eV. This is satisfied by Al0.2 Ga0.8 As. For an antireflection coating and the distributed Bragg reflector, large differences in index and
zero absorption of the laser light are required. Al0.2 Ga0.8 As and AlAs are well suited
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Figure 8.4: The most common semiconductor compounds. Different compounds can
only be grown on top pf each other if their lattice constants match. The energy gap
is what defines most of the properties of the compound. Taken from [8]

for this purpose.
AlAs layers tend to get damaged by oxidation of the Aluminum. If AlAs is the
top layer a thin (≈5 nm) layer of a different material is required on top to prevent
oxidation. Al0.2 Ga0.8 As or In0.49 Ga0.51 P are suited for this process. Because of the
limited experience of the growers with Phosphorous and the considerable experience
with Aluminum Al0.2 Ga0.8 As is chosen for this purpose.

8.2.2

The Thin Film Matrix Method

This section lists very briefly some required results of the thin film matrix method.
A more detailed explanation can be found in numerous optics books, for example
Fowles [77] and Thelen [78].
Upon propagation through a thin film of material with the thickness parameter
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Φ = kl, index n, complex electric field E and magnetic field H are modified according
to


Eout

 q

µ0
Hout
²0







=

cos(Φ)

i sin(Φ)
n

in sin(Φ) cos(Φ)



Ein

 q

µ0
Hin
²0





Ein


=M q
¯

µ0
Hin
²0



.

(8.13)

Assuming the bulk indexes in the material adjacent to the thin film are ns and
n0 , the reflectivity r and transmissivity t can then be calculated as
n0 M11 + in0 ns M12 − iM21 − ns M22
¯
¯
¯
¯
n0 M11 + in0 ns M12 + iM21 + ns M22
¯
¯2n
¯
¯
0
t=
,
n0 M11 + in0 ns M12 + iM21 + ns M22
¯
¯
¯
¯
r=

(8.14)
(8.15)

and the reflectance R and transmittance T as
R = |r|2

(8.16)

T = |t|2 .

(8.17)

For a stack of s layers the s thin film matrices M (j) can be multiplied to obtain the
¯
matrix representing the entire stack [e. g. a distributed Bragg reflector (DBR)]. For
a single layer of quarter wave thickness (Φ = π/2) and index n1
R=

(ns n0 − n21 )2
,
(ns n0 + n21 )2

and thus R = 0 if n1 =

(8.18)
√

ns n0 . This is the requirement for a single layer anti-

reflection (AR) coating. Absorbing layers can be treated using the complex k-vector.
A thin film software called Vertical written by W. L. Gore and F. H. Peters at Sandia
National Labs was used to calculate the properties of the single external VECSEL.
The thin film method was applied directly for other purposes as will be discussed
later.
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To calculate the properties of a layer stack at angle of incidence α from the normal,
replace Φ by Φ cos(α) and n1 by n1 cos(α) (for each layer index) for s-polarization
and Φ by Φ cos(α) as well as n1 by n1 / cos(α) for p-polarization.

8.2.3

VECSEL Structure

Generally VECSELs are designed with one cavity end mirror grown as part of the
VECSEL structure as a DBR. The heat removal from the VECSEL happens through
the DBR or through a heat spreader that is contacted to the VECSEL active region
inside the cavity. We refer to these devices as ”single external” VECSELs since only
one of the cavity end mirrors is not part of the VECSEL structure. The design of
such a device for OPO pumping is described in Section 8.2.3 and the experimental
realization of the design is in progress. In the following section we describe a slightly
different design with the VECSEL structure only consisting of the active region to
form a ”double external VECSEL”.

Quantum Wells
A quantum well is a rectangular dip in the band gap of a semiconductor material
in one dimension. In this thin area of low band gap excited electrons can exist
with energies lower than the band gap energy of the surrounding material. Because
of their low energy they cannot leave the well and because of the size of the well
(only a few electron wavelengths) the electrons form discrete energy states. It is
then possible to use high energy photons to excite electrons from the valence band
into the conduction band and to have them ”fall” into the quantum well where they
are insensitive to the pump light, but can amplify lower energy laser light. The
quantum wells thus serve two important purposes: (i) They trap the excited carriers
in the ”active” region of the device, i. e. the region that provides gain at the lasing
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wavelength. (ii) And they provide the analog of a four level system, which is needed
to create a population inversion with optical pumping.

Double External VECSEL

Figure 8.5: A VECSEL active region bonded to a wedged heat spreader. The laser
light enters the VECSEL at Brewster angle, propagates from the active region to
the heat spreader through an AR coating and leaves the heat spreader at Brewster
angle. The heat spreader material in this case is sapphire.

Growing the VECSEL active region together with the DBR has several disadvantages:
1. The DBR and the active region have to be matched perfectly.
2. Growing a mirror in a MBE growth chamber is expensive compared to regular
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dielectric mirrors.
3. Heat has to be removed from the active region through the DBR mirror.
4. It is difficult to include more than one gain medium in the cavity because of
astigmatism. In a gain medium used in transmission, one can use lenses to
focus. A gain medium inserted at Brewster angle can compensate the astigmatism from curved focusing mirrors. Multiple gain elements are particularly
desirable, since VECSELs have very low gain.
An active region bonded to a transparent heat spreader (Fig. 8.5) allows for a transmissive gain medium at Brewster angle. The active region is grown on top of a GaAs
wafer in an MBE and contact bonded to a heat spreader material. The wafer is
then removed. The light enters the active region at Brewster angle. The interface
between the active region and the heat spreader requires an anti-reflection coating
that can be either grown as part of the active region or deposited on top of the heat
spreader before bonding. The interface between the heat spreader and air is again
at Brewster angle. This requires a wedged heat spreader.
The structure of the active region used for this purpose is:
Al0.2 Ga0.8 As 74.4 nm 16x
Al0.09 Ga0.91 As 7.5 nm 16x
Al0.2 Ga0.8 As 74.4 nm 16x
AlAs 100 nm
GaAs 2 inch dia. substrate
It was grown by molecular beam epitaxy (MBE) by Andreas Stinz. The AlAs layer
functions as an etch stop or lift off layer.
Good options for the material of the heat spreader are sapphire, diamond and silicon carbide. Sapphire is the least expensive and has the lowest thermal conductivity
of the three options. It is extremely difficult to polish it at an angle and wedged
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pieces are hard to obtain in small quantities. The pieces used in this study where
1 cm by 0.5 cm with a 2 degree wedge. The optimum wedge for the application is
3.6 degrees. A 2 degree wedge causes a residual reflectivity of less than 0.5% which
is acceptable. The pieces where coated on one side with an anti-reflection coating
from sapphire to Al0.2 Ga0.8 As by CVI. The VECSEL active region is contact bonded
to the coated sapphire in a clean room environment and protected around the edges
with a resin compound. The GaAs wafer is etched off the active region using a
Citric Acid solution. Anhydrous citric acid powder is mixed with a 1:1 weight ratio
with deionized water and stirred for at least 2 hours with a magnetic stirrer. Before
etching, 3 volume parts of the citric acid solution are mixed with 1 part of hydrogen
peroxide. The etch rate of this process is only about 30 µm/h [79, 80]. The GaAs
wafer can be polished down from 500 µm to about 200 µm to speed up the etching
but the sample may be damaged in the process. In practice it was found easier to
etch through the entire wafer. After bonding the sample in a clean room environment, the etching can be done outside the clean room. Air bubbles forming during
the bonding process can be removed by heating the sample in a vacuum chamber
and then evacuating the chamber and cooling the sample back to room temperature.

A more refined process has been developed by Chengao Wang and applied to
the VECSEL samples by Mikael Hosatte. It involves forming a mask of small circles
(about 500 µm diameter) on the VECSEL with photo resist and plasma etching away
everything except those circles. By etching away the AlAs layer with HF one can
then lift off the active region and contact bond it to Sapphire immediately.

The samples where completed and tested by Mikael Hosatte. Neither of these
processes has produced a working laser yet. While there is fluorescence visible from
the sample it was not possible to obtain a lasing cavity.
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Single external VECSEL
Besides the efforts to create a double external VECSEL, a more conventional design
is being attempted. While mode-locked VECSELs to the best of our knowledge do
not exist at 795 nm. Single external VECSELs have been demonstrated at wavelength down to 850 nm [81] using the Alx Ga1−x As material system. Because of the
considerable data available for this kind of design, it is expected to be less challenging
to produce and could serve as a first prototype to investigate the feasibility of OPO
pumping. The design generally includes a DBR reflector and an active region. On
top of the active region, as an interface to air, the options are (i) another, weaker
DBR reflector to increase the confinement factor and decrease the threshold, (ii) a
simple index step to air (or another adjacent medium), still acting as a weak reflector, or (iii) an anti-reflection coating, increasing the threshold, but also increasing
the bandwidth of the active region. The third option is clearly favorable for short
pulses, where a large gain bandwidth is essential.

Distributed Bragg Reflector The commonly used structure of a VECSEL includes the DBR structure serving as one of the cavity end mirrors. The MBE reactor
available at the Center for High Technology Materials (CHTM) cannot easily grow
the entire structure at once because it lacks a second Aluminum cell to accommodate
the different aluminum concentrations required for the DBR and active region. It
is however possible to order MOCVD (Metal-Organic Chemical Vapor Deposition)
grown DBRs from other sources and then grow the active region on top of them in
the MBE. One can also grow the DBR in the MBE, remove and characterize it and
then grow the active region in a second run. For MOCVD growth the uncertainty in
the layer thickness is given as 5% by the manufacturer. To determine whether this is
sufficient a simple monte carlo simulation was written that calculates the reflectance
of a 30 layer DBR with randomly chosen layer thicknesses. The thickness of each
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Figure 8.6: The histogram for the peak reflectance of 10000 DBR mirrors with 30
layers and a random uncertainty of ±5% in layer thickness. In MBE growth the layer
thickness is generally not random, but drifts throughout the growth process. If the
number of random samples included is large enough any kind of systematic error a
growth process may have is, however, included in the set of samples. Despite the
large growth error the reflectance is good, suggesting that the uncertainty mainly
affects the wavelength, but not the reflectance of the coating.

layer is a different random number drawn from a distribution with a mean value at
the correct thickness and a 5% variation. The reflectance is then calculated using the
thin film matrix method. This procedure is repeated 5000 times and the results are
organized in the histogram shown in Figure 8.6. Surprisingly the 5% variation does
not seem to have a large influence on the peak reflectance. This is because it mainly
shifts the maximum of the reflectance curve (i. e. the peak occurs at a different
wavelength, but still shows high refelctance). If however the variation is increased
or the number of layers is reduced a second peak appears in the histogram. The
performance of a DBR reflector at a distinct wavelength is therefore not a smooth
function of the error in layer thickness, but it shows a threshold. For thickness uncertainties higher than that threshold, good performance cannot be guaranteed. If
the accuracy is better than that the threshold value, a reduced error has little effect
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on the peak reflectance, even though it may shift the reflectance peak to a different
wavelength. The Matlab (or GNU Octave) program that produced these results is
included in Appendix D.
It may be beneficial to design the DBR structure to be reflective also at the pump
wavelength to avoid absorbing pump light in the DBR as a source of heating [82, 83].
This increases the accuracy requirements for the growth and may be attempted once
a single wavelength coating can be reliably grown.

Active Region Since the pulse is longer than the VECSEL structure it will form
a standing wave inside the active region. The position of the nodes and antinodes
of that standing wave are determined by the DBR reflector. They can be calculated
using the thin film matrix method. Care has to be taken that the quantum wells
of the active region overlap with the antinodes of the field to assure the maximum
possible gain. The total length of the VECSEL and the phase of the AR coating also
have to be designed to accommodate this standing wave. If the interface between the
active region and air is a simple index step, an antinode will form at that position
(see Section 8.2.4).

Structure The complete proposed structure of the VECSEL is shown in Figure 8.7.
Modifications to this design could include altering the number or width of the quantum wells and the barriers in between. It is also possible to grow two or more wells at
every field antinode. The DBR mirror and AR coating can be modified as described
in [83, 82] to be highly reflective for the pump and the lasing wavelength.
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Figure 8.7: The proposed structure for a single external VECSEL. The structure
includes a DBR mirror, the active region and an AR coating. The data for this plot
was produced using Vertical.

8.2.4

Anti-Reflection Coating

The front part of the VECSEL structure interfaces either to air or to a heat spreader
material with high thermal conductivity. To avoid back reflections in mode locked
devices, an anti-reflection coating is required on that surface. Using thin film matrices [77] it is easy to show that to design a single layer of quarter wave thickness to
act as an anti-reflection coating between two media of refractive indexes ns and n0 ,
√
it has to have an index of nar = ns n0 . The range of materials available for growth
in the MBE is very limited. If a material of index nar is not available, a two layer
coating with variable thicknesses is a second option. This topic is treated somewhat
sketchy in the book by Thelen [78]. According to Thelen, to determine whether with
two materials of indexes n1 and n2 , can be used to make an anti-reflection coating
we can solve the general characteristic matrix of the two layer system to obtain for
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Figure 8.8: Possible two layer AR coatings from Al0.2 Ga0.8 As to air. The black areas
represent regions where a coating is possible. The gray rectangle represents indexes
accessible by the Alx Ga1−x As material system.
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Figure 8.9: Possible two layer AR coatings from Al0.2 Ga0.8 As to sapphire. The black
areas represent regions where a coating is possible. The gray rectangle represents
indexes accessible by the Alx Ga1−x As material system.
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Figure 8.10: Possible two layer AR coatings from Al0.2 Ga0.8 As to silicon carbide.
The black areas represent regions where a coating is possible. The gray rectangle
represents indexes accessible by the Alx Ga1−x As material system.
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Φ1 and Φ2 are related to the layer thicknesses `1,2 via
Φ1,2 = k1,2 `1,2 =

2πn1,2 d1,2
.
λ

(8.20)

If we set T = 1 we find, according to Thelen, that the equation only has solutions
when either
− ns
=A
− nns n2 1
n2 − nn0 n2 2
tan Φ1
=
= B,
tan Φ2
n1 − nn0 n1 2

tan Φ1 tan Φ2 =

n0
n0 n2
n1

(8.21)
(8.22)
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or
(8.23)

tan Φ1 tan Φ2 = −A
tan Φ1
= −B,
tan Φ2

(8.24)

or
n2
=
n1

s

n2
n0
λ
Φ1 = Φ2 = .
4

(8.25)
(8.26)

Thelen stops here and shows a plot of n1 vs n2 of the regions where these equations
can be solved for n0 = 1 and ns = 1.5 . To create a more general plot we need to
devise a method first. The left hand sides of Eqs. (8.21), (8.22), (8.23) and (8.24)
are always positive. Thus to solve the set of equations A and B have to be either
simultaneously positive or simultaneously negative. When upon varying n1 or n2
either one switches sign, we move from a solvable equation to an unsolvable one or
vice versa. A and B switch sign when either their numerator or their denominator
does so. To find the boundaries of the solution space we thus obtain
s

n0 n2
ns
ns n1
=
→ n2 = n1
n1
n2
n0
√
n2 = n0 ns
√
n1 = n0 ns

(8.27)
(8.28)
(8.29)

These functional relations correspond to the lines between black and white areas in
Figures 8.8, 8.9, and 8.10. The lines separate the plot space into different regions.
The diagonal n1 = n2 (dotted line in the plots) corresponds to a single layer coating.
We know from Eq. (8.18) that for a single layer coating the only possible index is
√
ns n0 . This tells us that except for this point, all regions along the diagonal are
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regions where we cannot create a coating. Starting from these two regions we can
then identify all other regions in the plot.
After the indexes n1 and n2 have been chosen, the thickness parameters can
be determined graphically: Solve equations (8.23) and (8.24) for Φ1 and plot both
together. The crossing point determines Φ1 . Φ2 can then easily be calculated. A
spectrum can be calculated when the frequency dependence of the refractive indexes
is known with the regular thin film matrix method.
With this method we can show that a perfect two layer coating from an Alx Ga1−x As
structure to air is not possible using lattice matched materials available in the MBE
(Fig. 8.8). It is however possible to grow multilayer coatings with reflectances on the
order of 1%. For example 0.6% can be reached at 950 nm with a 15 layer coating [82].
A perfect coating can be grown between Alx Ga1−x As and Silicon Carbide (n=2.61,
Fig. 8.10). For sapphire (n=1.75, Fig. 8.9) a perfect coating is not possible.
More than two layers are useful for designing AR coatings for more than one
wavelength [78]. A simple analytical treatment of complex AR coatings is not possible
and numerical methods are required in the design.

Sectioning VECSEL design
It is often necessary to design different parts of the VECSEL structure in separate
procedures. For example if an AR coating is found with the procedure of Section 8.2.4
it would be good if it could be added to an existing design. When doing this it
is necessary to add the complex reflectivity r of both sections to determine the
reflectivity and reflectance of the entire structure. One can also observe the nodes
and anti nodes of the standing wave in the structure. A standing wave has a node
at a surface if the reflection from that surface is phase shifted by π and an antinode
if the phase shift is zero. Consequently, from the position of an antinode in the
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VECSEL, the r of the layer stack seen in either direction from that position has to
be real and positive.
Using a layer of thickness zero in Eq. 8.14 it can be seen that the reflection from
an interface between a low and a high index has a phase shift of π and the reflection
from an interface between a high and a low index has no phase shift.
When adding an additional layer stack on top of the VECSEL structure without
changing the standing wave in the existing structure, the phase of the reflectivity r
of the new layer stack has to be matched correctly. If for example a VECSEL design
with an uncoated interface to air is to be fitted with an anti-reflection coating the
reflectivity r of the coating has to be real and negative to provide the same π phase
shift as the index step it replaces. Even though the reflection of an AR coating is
small it can noticeably degrade the performance of the VECSEL structure if the
remaining reflectivity r has a wrong phase.

8.2.5

Conclusion

VECSELs appear to be perfect candidates as pump lasers for intracavity pumped
OPOs. The main problem to overcome is its low gain in combination with the added
loss from the OPO. The design process for a 795 nm VECSEL, both with and without a DBR reflector, has been completed as part of this work. The MBE growth
procedure itself needs to be refined to be able to grow the proposed structures with
sufficient accuracy. This is especially difficult for the single external VECSEL where
the growth includes a DBR structure. It is not part of this work. Furthermore the
processing and bonding of the VECSEL, especially important for double external devices, has proven challenging. Important progress has been made by Mikael Hosatte
in this area.
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8.3

Linear to Ring Setup for Rotation Sensing

Figure 8.11: A hypothetical harmonically pumped ring laser. Both pulses pass the
OPO gain (PPLN) with the same linear polarization. They can be amplified in their
passage to the right or left of that crystal. Passing the crystal to the left, they then
pass twice through a quarter wave plate (QWP) which rotates their polarization
by 90◦ . Then they pass again the PPLN with no amplification and a quarter wave
plate and enter the electro-optic modulator (EOM) with circular polarization. The
modulator is driven at the cavity repetition rate such that it acts as a quarter wave
plate for the reference and as a quarter wave plate with opposite sign for the probe
pulse. It thus either reverses the effect of the previous quarter wave plate or adds to
it and therefore, after the modulator reference and probe pulse have two orthogonal
linear polarizations. The half wave plate (HWP) in the ring part of the cavity rotates
the polarization of each pulse by 90◦ . One pulse then always traverses the ring part
of the cavity in a clockwise, the other in a counterclockwise direction.

Harmonic pumping can only be used in linear and unidirectional ring OPOs. The
pump pulse always enters the OPO gain crystal from the same side and therefore
a bidirectional ring with two counter propagating pulses is not immediately possible. The application of rotation sensing requires a bidirectional ring. While in a
bidirectional ring reference and probe pulse can be distinguished at a given time
by their position in the cavity and by their sense of rotation (i. e. clockwise or
couterclockwise), in a harmonically pumped OPO the only way to distinguish the
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pulses is their position. This is why a harmonically pumped OPO interferometer
always needs some fast switching element (usually an electro-optic modulator) while
for a ring interferometer some experiments don’t. If one accepts this requirement,
however, any experiment possible with a ring interferometer can also be done with
a harmonically pumped OPO.
To show this, the design described in Figure 8.11 shows how a harmonically
pumped OPO can be set up as a bidirectional ring using an electro-optic modulator.
Both pulses need to have the same linear polarization in the OPO gain crystal when
they are being amplified. Since the ring part of the cavity needs a large perimeter,
we assume that the linear part is short compared to the ring. This means that the
electro-optic modulator does not change while either pulse passes the gain crystal,
but switches between the passages of the reference and the probe pulse to form
quarter wave plates with opposite sign of polarization rotation.
The modulator has to be driven at half wave voltage at the repetition rate of the
laser, which is no trivial task. Because of the need of a powerful pump the OPO itself
is also more expensive than a gyroscope using a laser directly. This design is therefore
not likely to replace conventional laser gyroscopes without additional novelties. But
it serves to show that gyroscopes are possible in harmonically pumped OPOs and
there is no fundamental limitation to the harmonically pumped OPO compared to
other devices.
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Conclusions
The contributions presented in this thesis are centered around the design of a two
pulse OPO for intracavity interferometry.

An extensive simulation of intracav-

ity pumped OPOs, a working intracavity pumped OPO as well as a harmonically
pumped OPO for this application are presented.
Harmonic pumping is introduced as a novel concept to build two pulse externally
synchronously pumped OPOs. With this method, an externally pumped OPO intracavity interferometer with unprecedented accuracy and sensitivity is presented. Beat
note bandwidths down to 0.16 Hz and, maybe more importantly, an exceptional long
term stability of the beat note are observed. A slight modification of the setup enables the measurement of the nonlinear index of the OPO gain crystal (MgO:PPLN)
with an accuracy and sensitivity outperforming the established z-scan method. A
a demonstration measurement for wavelengths from 1.3 µm to 1.5µm is performed.
This is to the best of our knowledge the first measurement of the nonlinear index of
lithium niobate in this wavelength range.
Intracavity pumped OPOs using crystalline host pump lasers such as Ti:Sapphire
have in the proven challenging to operate stably. To that end a simulation of in-
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tracavity pumped OPOs is developed and the instabilities commonly observed in
synchronously intracavity pumped OPOs are analyzed. Based on this simulation, a
method of amplitude stabilization by nonlinear loss is proposed. A working intracavity pumped OPO is constructed and first positive stabilization results are presented.
The new concept of harmonic pumping is also applied to this new intracavity pumped
OPO to eliminate the intensity dependent bias beat note. This device also utilizes
a new technique to manage back scattering from the facets of the OPO gain crystal. This back scattering usually destabilizes the pump and a brewster cut crystal,
greatly complicating the alignment, is required. We show that, for a crystal that is
long compared to the Rayleigh range of the beam, this is not necessary.
A novel tapered amplifier ring laser is presented and investigated as a possible
pump source of the OPO. This work was very much a team effort of several students,
but contains a major contribution by the author. While the high gain and broad tunability and high pulse energy of this laser make it interesting for many applications,
the maximum pulse energy is insufficient to pump an OPO.
A vertical cavity surface emitting laser is under construction. A significant contribution to this effort was made by the author. The details of this contribution are
summarized in Section 8.2. While the VECSEL is the most promising candidate for
an efficient intracavity OPO pump laser, no working VECSEL could be demonstrated
yet.
The simulation of intracavity OPOs is applied to the simulation of cavity autostabilization with dark line resonances rubidium vapor. Existing code from an extracavity simulation written by Ladan Arissian is ported to work as part of the
simulated laser cavity, but has not yet reached the level of stability required for the
intracavity simulation. Different equation solving methods are implemented to be
tested for this application. This work is unfinished and only an initial result from a
simplified model is presented here, along with the current state of the project.
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Finally a number of ideas for future projects with the OPO intracavity interferometer are sketched in Chapter 8. Some investigations into the feasibility of some of
these designs are presented.
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Derivation of the DFG Equations
This derivation is based on a method developed by Jens Biegert for birefringently
phase matched second harmonic generation [84]. It is adapted to the problem of
quasi phase matched difference frequency generation.
Our goal is to apply the wave Eq. (3.14) to the problem of difference frequency
generation and reformulate it in a way suitable for numerical treatment. In the
nonlinear part of the polarization P̃

NL

we consider only the χ(2) terms that are

associated with the three interacting waves. Each of these terms has to fulfill the
wave equation separately. If we also assume that the second order susceptibility χ(2)
does not depend on frequency, the nonlinear polarizations can be decomposed in
three contributions, respectively centered at ωp , ωs and ωi to yield for the nonlinear
polarizations in a uniform medium:
NL

P̃p (t, z) = 2²0 χ(2) Ẽ s (t, z)Ẽ i (t, z)
NL

∗

NL

∗

P̃s (t, z) = 2²0 χ(2) Ẽ p (t, z)Ẽ i (t, z)
P̃i (t, z) = 2²0 χ(2) Ẽ p (t, z)Ẽ s (t, z).

(A.1)

The crystal considered, however is not uniform. It has a domain reversal grating
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for quasi phase matching. As a consequence χ(2) reverses sign after a propagation
through the crystal of one half times the grating period g (g ≈ 30µm). It is common
practice to approximate this sudden domain reversal by a sinusoidal modulation of
χ(2) so that
χ(2) → χ(2) ei∆kz .

(A.2)

∆k = 2π/g is the k-vector of the quasi phase matching grating with grating constant
g. A more accurate treatment can be done by developing the exact square modulation
function into a Fourier series [4]. This treatment reveals, that the approximation of
sinusoidal modulation leads to an overestimation of the strength of the interaction
by a constant factor of 2/π. With these modifications we can write for Eqs. (A.1) in
the frequency domain
χ(2) ²0 Z
Ẽs (Ω0 , z)Ẽi (Ω − Ω0 , z)ei∆kz dΩ0
=
π
χ(2) ²0 Z ∗ 0
NL
P̃s (Ω, z) =
Ẽi (Ω , z)Ẽp (Ω + Ω0 , z)e−i∆kz dΩ0
π
χ(2) ²0 Z ∗ 0
NL
P̃i (Ω, z) =
Ẽs (Ω , z)Ẽp (Ω + Ω0 , z)e−i∆kz dΩ0 .
π
NL
P̃p (Ω, z)

(A.3)

Inserting these three polarizations into the wave Eq. (3.14) leads to the set of three
equations:
Ã

Ã

Ã

∂2
∂z 2

!

+

Ω2
²r (Ω) Ep (Ω, z) =
c2

²0 µ0 Ω2 χ(2) Z
Es (Ω0 , z)Ei (Ω − Ω0 , z)ei∆kz dΩ0
π !
Ω2
+
²r (Ω) Es (Ω, z) =
c2

−
∂2
∂z 2

²0 µ0 Ω2 χ(2) Z ∗ 0
Ei (Ω , z)Ep (Ω + Ω0 , z)e−i∆kz dΩ0
π !
Ω2
+
²r (Ω) Ei (Ω, z) =
c2

−
∂2
∂z 2

182

Appendix A. Derivation of the DFG Equations

−

²0 µ0 Ω2 χ(2) Z ∗ 0
Es (Ω , z)Ep (Ω + Ω0 , z)e−i∆kz dΩ0 .
π

(A.4)

A description in complex spectral amplitude ãp,s,i (Ω, z) and fast varying spectral
phase −ik(Ω)z is next chosen for each pulse:
1
Ẽ p,s,i (Ω, z) = ãp,s,i (Ω, z)e−ik(Ω)z
2

(A.5)

Substituting this in Eqs. (A.4) and using the condition
k 2 (Ω) =

Ω2
²r (Ω).
c2

(A.6)

imposed by Maxwell’s wave equation, leads to a set of three differential equations
for the evolution with distance of the three complex spectral amplitude functions:
Z

∂
ãp (Ω, z) =
∂z

−iΩ2 χ(2)
0
0
ãs (Ω0 , z)ãi (Ω − Ω0 , z)ei[−k(Ω )−k(Ω−Ω )+k(Ω)+∆k]z dΩ0
4πc2 k(Ω)
∂2
i
ãp (Ω, z)
−
2k(Ω) ∂z 2

∂
ãs (Ω, z) =
∂z

−iΩ2 χ(2)
0
0
ã∗i (Ω0 , z)ãp (Ω0 + Ω, z)ei[k(Ω )−k(Ω +Ω)+k(Ω)−∆k]z dΩ0
2
4πc k(Ω)
∂2
i
−
ãs (Ω, z)
2k(Ω) ∂z 2

∂
ãi (Ω, z) =
∂z

−iΩ2 χ(2)
0
0
ã∗s (Ω0 , z)ãp (Ω0 + Ω, z)ei[k(Ω )−k(Ω +Ω)+k(Ω)−∆k]z dΩ0
2
4πc k(Ω)
i
∂2
−
ãi (Ω, z).
2k(Ω) ∂z 2
(A.7)

Z

Z

It has been shown [84] that the second derivative is generally negligible, consistent
with the slowly varying envelope approximation, even down to a few optical cycles.
For convenience of numerical computation, the various spectral envelopes should be
centered at the origin of the frequency axis, which is achieved by defining the shifted
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functions

Ẽp,s,i (Ω, z) = ãp,s,i (Ω + ωp,s,i , z)
kp,s,i (Ω) = k(Ω + ωp,s,i )

(A.8)

Ωp,s,i = Ω − ωp,s,i .

(A.9)

In the set of equations that follows, the integrands are non-zero only over a range of
a few inverse pulse durations about the origin. The integration from −∞ to ∞ can
therefore be limited to this range, the extend of the data array in the simulation,
safely.
∂ Ẽp (Ωp )
=
∂z
−iωp2 χ(2) R ∞
0
0
i(−ks (Ω0s )−ki (Ωp −Ω0s )+kp (Ωp )+∆k)z
dΩ0s
−∞ Ẽs (Ωs )Ẽi (Ωp − Ωs )e
2
4πc kp (Ωp )
∂ Ẽs (Ωs )
=
∂z
−iωs2 χ(2)
4πc2 ks (Ωs )
∂ Ẽi (Ωi )
=
∂z
−iωi2 χ(2)
4πc2 ki (Ωi )

R∞

−∞

R∞

−∞

0

0

0

0

Ẽi∗ (Ω0i )Ẽp (Ω0i + Ωs )ei(ki (Ωi )−kp (Ωi +Ωs )+ks (Ωs )−∆k)z dΩ0i

Ẽs∗ (Ω0s )Ẽp (Ω0s + Ωi )ei(ks (Ωs )−kp (Ωs +Ωi )+ki (Ωi )−∆k)z dΩ0s
(A.10)

Here condition (3.16) has been used to convert, for example:
ãi (Ω − Ω0 , z) = Ẽi (Ω − Ω0 − ωi )
= Ẽi (Ωp + ωp − Ω0s − ωs − ωi )
= Ẽi (Ωp − Ω0s ).

(A.11)
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In order to simplify notation and numerical treatment we can introduce the quantities
0
kp,s,i
(Ωp,s,i ) = kp,s,i (Ωp,s,i ) − kp,s,i (0)

(A.12)

to separate the constant k-vectors at the pulses center frequencies from the remaining
k dependence that varies throughout each pulse. The quasi phase matching grating responsible for ∆k is assumed to have a grating constant g that ensures phase
matching at the center frequencies, such that
kp (0) − ks (0) − ki (0) + ∆k = 0.

(A.13)

With the substitutions (3.21) we then obtain Eqs. (3.23).
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Important Intracavity OPO
Simulation Code

The complete code of the simulation is too large to be part of this document. It
also contains large amounts of book keeping and bug tracking code such as the
saving of data that is not relevant and distracts from the important elements of
the program. The code was written with reusablity, flexibility and expandability in
mind. The design is modular. The code and data associated with specific elements
are isolated from one another. The excessive use of global variables is avoided and
data is transferred in and out of a subroutine only via subroutine arguments. This
appendix lists the most important elements of the simulation. The main program
calls these elements in a loop with one iteration of the loop corresponding to one
round trip.
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B.1

Pulse Structure

The pulse is a user defined type containing all parameters necessary to describe a
laser pulse. The FORTRAN code is
!these are just for convenience.
LOGICAL, PARAMETER :: frequency=.FALSE.
LOGICAL, PARAMETER :: time=.TRUE.
TYPE pulse_
!this data type contains everything we need to describe a laser pulse
COMPLEX, POINTER :: envelope(:) !The electric field envelope
REAL(16) :: omega0=DBLE(0) !center wavelength of the pulse
REAL(16) :: t = 0.0D0 !time that passed for the pulse
REAL(16) :: dt = 0.0d0
REAL(16) :: domega = 0.0d0
LOGICAL :: domain = time !what domain are we in??
END TYPE pulse_
The pointer “envelope” points to an array of complex numbers that is allocated
at run-time and contains the complex envelope of the pulse.

B.2

Fourier Transforms

The pulse structure contains a Boolean variable called “domain” that indicates
whether the data array stored represents the complex envelope in the time or the
frequency domain. To transform between time and frequency domain is done by two
subroutines:

188

Appendix B. Important Intracavity OPO Simulation Code
SUBROUTINE ToTime(pulse)
INTEGER :: ToTime
TYPE(pulse_), INTENT(INOUT) :: pulse
IF(pulse%domain==frequency) THEN
CALL fft(pulse%envelope, 1, pulse%domega)
pulse%domain=time
END IF
END SUBROUTINE ToTime
SUBROUTINE ToFrequency(pulse)
INTEGER :: ToFrequency
TYPE(pulse_), INTENT(INOUT) :: pulse
IF(pulse%domain==time) THEN
CALL fft(pulse%envelope, -1, pulse%dt)
pulse%domain=frequency
END IF
END SUBROUTINE ToFrequency
The subroutine “FFT” was adapted from a program by Jens Biegert. It does
some pre- and post processing of the data and calls the actual FFT routine, “four1”
that has been copied from [49]:
SUBROUTINE fft(data, expsign, dt)
COMPLEX, DIMENSION(1:), INTENT(INOUT) :: data
REAL(16), INTENT(IN) :: dt
INTEGER, INTENT(IN) :: expsign
DOUBLE PRECISION, DIMENSION(1:SIZE(data)*2) :: realdata
INTEGER :: i,j
REAL(16) :: nfactor
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IF(dt<=0 .OR. ABS(expsign)>1 .OR. expsign==0) THEN
WRITE(*,*) "Bad argument in FFT."
RETURN
END IF
!shift
i=SIZE(data)/2
j=1
DO WHILE(i<=SIZE(data))
realdata(j)=DBLE(data(i))
realdata(j+1)=AIMAG(data(i))
i=i+1
j=j+2
END DO
i=1
DO WHILE(i<SIZE(data)/2)
realdata(j)=DBLE(data(i))
realdata(j+1)=AIMAG(data(i))
i=i+1
j=j+2
END DO
!transform
CALL four1(realdata, SIZE(data), expsign)
!calculate normalization factor
nfactor=dt/SQRT(2*pi)
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!shift back
i=SIZE(data)/2
j=1
DO WHILE(i<=SIZE(data))
data(i)=CMPLX(realdata(j), realdata(j+1))*nfactor
i=i+1
j=j+2
END DO
i=1
DO WHILE(i<SIZE(data)/2)
data(i)=CMPLX(realdata(j), realdata(j+1))*nfactor
i=i+1
j=j+2
END DO
END SUBROUTINE fft

B.3

Gain

All important parameters for the gain are saved in a data structure that is implemented as a user defined type:
TYPE psetgain_
DOUBLE PRECISION :: w !beam waist
DOUBLE PRECISION :: R !pump rate
DOUBLE PRECISION :: l !length of the crystal
DOUBLE PRECISION :: sigma !cross section
DOUBLE PRECISION :: deltan0 !number density of laser atoms
DOUBLE PRECISION :: T1 !flourescence lifetime
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DOUBLE PRECISION :: deltan !population inversion
DOUBLE PRECISION :: recoverytime !time when a pulse
last passed through this gain medium
LOGICAL :: firsttime
LOGICAL :: lasttime
END TYPE psetgain_
This serves to separate the data from the code. This is good programming practice and is necessary in a variety of scenarios. If for example several gain media in
one laser are to be simulated they need several distinct sets of data. In parallel computing it is also possible that the same code is executed several times simultaneously
with different sets of data. Furthermore this design makes it possible to access and
manipulate the data outside the gain subroutine in a clean way.
The gain subroutine accepts this data set and a pulse. It first uses an analytical formula (Eq. (3.11)) to calculate the population inversion and then integrates
Eq. (3.8):
SUBROUTINE Gain(pulse, pset)
!calculates the change of the pulse when passing
!through a gain medium
TYPE(pulse_), INTENT(INOUT) :: pulse !the pulse to process
TYPE(psetgain_), INTENT(INOUT) :: pset !the parameterset
!for this gain medium
INTEGER :: i
DOUBLE PRECISION, PARAMETER :: h=6.626068*10.0**-34
DOUBLE PRECISION :: integral, dt
DOUBLE PRECISION :: Is !saturation intenity
DOUBLE PRECISION :: Rprime ! substitute for R
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DOUBLE PRECISION :: Isprime ! substitute for Is
DOUBLE PRECISION :: Tprime ! substitute for T1
!we need to be in the time domain
CALL ToTime(pulse)
!calculate parameters
Is=h*(c/lambda0(pulse))/(pset%T1*pset%sigma)
Rprime=-pset%R*pset%deltan0
Tprime=1.0/(1.0/pset%T1+pset%R/2.0)
Isprime=pset%T1*Is/Tprime
integral=0.0
!gain recovers
pset%deltan=pset%deltan0+Rprime*Tprime+ &
(pset%deltan-(pset%deltan0+Rprime*Tprime)) &
*EXP(-(pulse%t-pset%recoverytime)/Tprime)
!Integrate deltan and multiply the gain coefficient to the envelope
DO i=1, SIZE(pulse%envelope)
integral=integral+2.0*Intensity(pulse%envelope(i), pset%w) &
*pulse%dt/(Isprime*Tprime)
pulse%envelope(i)=pulse%envelope(i)* &
(1.0+pset%sigma*pset%deltan*EXP(-integral)*pset%l/2)
END DO
pset%deltan=pset%deltan*EXP(-integral)!now deltan holds
!the value for the inversion after the pulse
!update time variables
pset%recoverytime=pulse%t
pulse%t=pulse%t+pset%l/c !time needed to propagate through gain!
IF(pset%firsttime) THEN
pset%firsttime=.FALSE.

193

Appendix B. Important Intracavity OPO Simulation Code
END IF
END SUBROUTINE Gain
This is a simple first order solution of the differential equation. It is sufficient
for our purposes. More involved differential equation solvers like the Runge-Kutta
algorithm or the Butcher algorithm described in Section 7.2.1 have not been tested.
It also assumes a single integration step in z along the line of propagation through
the gain medium. To obtain more integration steps in z it is easiest to split the gain
element of length ` into n adjacent elements of length `/n. More advanced methods
are also possible. A single integration step in z is however sufficient for our purposes
and was used in all simulations.

B.4

Saturable Absorber

The saturable absorber subroutine numerically solves Eq. (3.13). It is only slightly
more involved than the gain subroutine. A severe problem, however is that for
the absorber it is not unusual for the laser intensity I to be much larger than the
saturation intensity Is . As a consequence the exponents in the numerator and denominator of Eq. (3.13) reach extremely large values that cancel out in the final
result. These values can exceed the range of 64 bit floating point numbers. 128 bit
numbers (REAL(16)) where used to avoid this. Alternatives are solving the rate
Eq. (3.12) directly and splitting the integration into two domains with I ≈ Is and
I >> Is and use different approximations of Eq. (3.13) for these areas. Both ways
have been attempted with mixed results. Only a simple first order Euler differential
equation solver was used and found to be not stable. When splitting the integration
in two parts it is difficult to determine when to switch from one domain to the other.
The code presented here uses 128 bit floating point numbers and a straight forward
solution of Eq. (3.13).
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Like the other element subroutines the saturable absorber subroutine expects a
parameter set
TYPE psetabsorber_
DOUBLE PRECISION :: w
DOUBLE PRECISION :: l
DOUBLE PRECISION :: Is
DOUBLE PRECISION :: loss
DOUBLE PRECISION :: T1
DOUBLE PRECISION :: deltan
DOUBLE PRECISION :: recoverytime
LOGICAL :: firsttime
LOGICAL :: lasttime
END TYPE psetabsorber_
and a pulse that are both passed to the subroutine as arguments.
SUBROUTINE SatAbsorber(pulse, pset)
!calculates the change of the pulse when passing through a
!saturable absorber
TYPE(pulse_), INTENT(INOUT) :: pulse !the pulse to process
TYPE(psetabsorber_), INTENT(INOUT) :: pset
INTEGER :: SatAbsorber!error code
INTEGER :: i
DOUBLE PRECISION, PARAMETER :: c=2.99*10.0**8
DOUBLE PRECISION, PARAMETER :: h=6.626068*10.0**-34
REAL(16), DIMENSION(1:SIZE(pulse%envelope)) :: integraltable
REAL(16) :: deltan !the population inversion
REAL(16) :: integral
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REAL(16) :: sigma !sigma
REAL(16) :: deltan0 !number density of emmitting atoms
REAL(16) :: deltani
!we need to be in the time domain
CALL ToTime(pulse)
!calculate parameters
sigma=h*c/(pset%T1*lambda0(pulse)*pset%Is)
deltan0=-pset%loss/(sigma*pset%l)
IF(pset%firsttime) THEN
pset%firsttime=.FALSE.
END IF
integral=0.0
!recovery of the absorber (for t->inf)
deltan=deltan0
deltani=deltan
!build table for first integral
integraltable(1)=0
DO i=2, SIZE(pulse%envelope)
integraltable(i)=integraltable(i-1)+(1.0/pset%T1)* &
(Intensity(pulse%envelope(i), pset%w)/pset%Is+1.0) &
*pulse%dt
END DO
DO i=1, SIZE(pulse%envelope)
integral=integral+(EXP(integraltable(i))*deltan0/pset%T1) &
*pulse%dt
deltan=(integral+deltani)/EXP(integraltable(i))
pulse%envelope(i)=pulse%envelope(i)* &
(1.0+sigma*deltan*pset%l/2)!taylor expansion of sqrt
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END DO
pset%deltan=deltan*EXP(integral)!now delta holds the value for
!the inversion after the pulse
END SUBROUTINE SatAbsorber

B.5

Difference Frequency Generation

Like the gain and absorber the DFG subroutine expects as an argument a parameter
set which is a user defined type and looks as follows:
TYPE psetPPLN_
DOUBLE PRECISION :: w
DOUBLE PRECISION :: l
DOUBLE PRECISION :: chi2
DOUBLE PRECISION :: g
DOUBLE PRECISION :: z!to keep track of z
!in multiple iterations
LOGICAL :: firsttime
LOGICAL :: lasttime
END TYPE psetPPLN_
The remaining arguments are the three pulses pump, signal and idler. The actual
subroutine simply solves Eq. (3.23) with a single step in z:
SUBROUTINE PPLNFrequency(pump, signal, idler, pset)
!PPLN in the frequency domain.
TYPE(pulse_), INTENT(INOUT) :: pump
TYPE(pulse_), INTENT(INOUT) :: signal
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TYPE(pulse_), INTENT(INOUT) :: idler
TYPE(psetPPLN_), INTENT(INOUT) :: pset
COMPLEX, DIMENSION(:),

POINTER, SAVE :: II, S, P, dI, dS, dP

COMPLEX :: As, Ap, Ai, dE
DOUBLE PRECISION :: deltak, dEmax, Emax, Emaxg
INTEGER :: i, j
CALL ToFrequency(pump)
CALL ToFrequency(signal)
CALL ToFrequency(idler)
!allocate memory
IF(pset%firsttime) THEN !this has to be adjusted if the sampling
!rate changes
ALLOCATE(II(1:SIZE(pump%envelope)))
ALLOCATE(S(1:SIZE(pump%envelope)))
ALLOCATE(P(1:SIZE(pump%envelope)))
ALLOCATE(dI(1:SIZE(pump%envelope)))
ALLOCATE(dS(1:SIZE(pump%envelope)))
ALLOCATE(dP(1:SIZE(pump%envelope)))
END IF
!propagate z
pset%z=pset%z+pset%l
!calculate phase missmatch
deltak=kofomega(DBLE(pump%omega0)) &
-kofomega(DBLE(signal%omega0)) &
-kofomega(DBLE(idler%omega0))-(2.0*pi/pset%g)

198

Appendix B. Important Intracavity OPO Simulation Code
!apply k vectors to signal, pump
DO i=1, SIZE(pump%envelope)
S(i)=EField(signal%envelope(i), pset%w) &
*CEXP(-CMPLX((0.0,1.0)* &
(kofomega(DBLE(getx(signal, i)+signal%omega0)) &
-kofomega(DBLE(signal%omega0)))*pset%z))
P(i)=EField(pump%envelope(i), pset%w) &
*CEXP(-CMPLX((0.0,1.0)* &
(kofomega(DBLE(getx(pump

, i)+pump%omega0)) &

-kofomega(DBLE(pump%omega0)))*pset%z))
END DO
!generate idler
CALL Correlation(S, P, dI, pump%domega)
!apply k vectors to idler
Ai=-(0.0,1.0)* pset%chi2*idler%omega0**2.0 /(8.0*pi*(c**2.0) &
*kofomega(DBLE(idler%omega0)))
DO i=1, SIZE(P)
idler%envelope(i)=idler%envelope(i)+pset%l*EPotential( &
dI(i)*Ai*CEXP(CMPLX((0.0,1.0)*(kofomega(DBLE( &
getx(idler, i)+idler%omega0)) &
-kofomega(DBLE(idler%omega0)) &
-deltak)*pset%z)), pset%w)
II(i)=EField(idler%envelope(i), pset%w) &
*CEXP(-CMPLX((0.0,1.0) &
*(kofomega(DBLE(getx(idler, i)+idler%omega0)) &
-kofomega(DBLE(idler%omega0)))*pset%z))
END DO
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!generate signal and pump
CALL Correlation(II, P, dS, pump%domega)
CALL Convolution(S, II, dP, pump%domega)
!apply k vectors to signal and pump
Ap=-(0.0,1.0)* pset%chi2*pump%omega0**2.0

/(8.0*pi*(c**2.0) &

*kofomega(DBLE(pump%omega0)))
As=-(0.0,1.0)* pset%chi2*signal%omega0**2.0/(8.0*pi*(c**2.0) &
*kofomega(DBLE(signal%omega0)))
!check validity
!if ABS(dE) approaches ABS(E) at the peak of the
!pulse we print a warning
!if ABS(dE) > 2*ABS(E) a loss can be mistaken as a gain!!!
i=FindMax(pump%envelope)
j=FindMax(signal%envelope)
dE=pset%l*EPotential(dP(i)*Ap*CEXP(CMPLX((0.0,1.0) &
*(kofomega(DBLE(getx(pump

, i)+pump%omega0

)) &

-kofomega(DBLE(pump%omega0))-deltak)*pset%z)), pset%w)
IF(ABS(dE)>0.5*ABS(pump%envelope(i)) &
.AND. ABS(pump%envelope(i))/=0.0 &
.AND. ABS(signal%envelope(j))/ABS(pump%envelope(i))<5) THEN
WRITE(*,*) &
"Value out of bounds in PPLNFrequency: Pump Sample", i
WRITE(*,*) " E:", pump%envelope(i)
WRITE(*,*) "dE:", dE
END IF
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dE=pset%l*EPotential(dS(i)*As*CEXP(CMPLX((0.0,1.0)* &
(kofomega(DBLE(getx(signal, i)+signal%omega0)) &
-kofomega(DBLE(signal%omega0))-deltak)*pset%z)), pset%w)
IF(ABS(dE)>0.1*ABS(signal%envelope(i)) &
.AND. ABS(pump%envelope(i))/=0.0 &
.AND. ABS(pump%envelope(i))/ABS(signal%envelope(j))<10) THEN
WRITE(*,*) &
"Value out of bounds in PPLNFrequency: Signal Sample", i
WRITE(*,*) " E:", signal%envelope(i)
WRITE(*,*) "dE:", dE
END IF
DO i=1, SIZE(P)
pump%envelope(i)=pump%envelope(i)+pset%l*EPotential(dP(i)*Ap&
*CEXP(CMPLX((0.0,1.0)* &
(kofomega(DBLE(getx(pump

, i)+pump%omega0

)) &

-kofomega(DBLE(pump%omega0))-deltak)*pset%z)), pset%w)
signal%envelope(i)=signal%envelope(i) &
+pset%l*EPotential(dS(i)*As &
*CEXP(CMPLX((0.0,1.0) &
*(kofomega(DBLE(getx(signal, i)+signal%omega0)) &
-kofomega(DBLE(signal%omega0))-deltak)*pset%z)), pset%w)
END DO
IF(pset%firsttime) THEN
pset%firsttime=.FALSE.
END IF
END SUBROUTINE PPLNFrequency
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Finally, Eqs. (3.24) need to be applied to the pulses. This is done in a separate
subroutine:
SUBROUTINE PPLNDelay(pump, signal, idler, pset)
TYPE(pulse_), INTENT(INOUT) :: pump, signal, idler
TYPE(psetPPLN_), INTENT(IN) :: pset
DOUBLE PRECISION :: dkpump
INTEGER :: i
CALL ToFrequency(pump)
CALL ToFrequency(signal)
CALL ToFrequency(idler)
dkpump=(kofomega(DBLE(pump%omega0+pump%domega/2.0)) &
-kofomega(DBLE(pump%omega0-pump%domega/2.0)))/pump%domega
DO i=1, SIZE(pump%envelope)
pump%envelope(i)= pump%envelope(i) &
*CEXP(-(0.0,1.0)*CMPLX(-dkpump*getx(pump,i)*pset%l))
signal%envelope(i)=signal%envelope(i) &
*CEXP(-(0.0,1.0)*CMPLX((-dkpump*getx(pump,i))*pset%l))
idler%envelope(i)=idler%envelope(i) &
*CEXP(-(0.0,1.0)*CMPLX((-dkpump*getx(pump,i))*pset%l))
END DO
END SUBROUTINE PPLNDelay
The DFG subroutine makes use of the subroutines “Convolution” and “Correlation”:
SUBROUTINE Convolution(A, B, C, dx)
!will not work if the size of the arrays is not an exponent of two
COMPLEX, DIMENSION(1:), INTENT(IN) :: A, B
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COMPLEX, DIMENSION(1:), INTENT(OUT) :: C
REAL(16), INTENT(IN) :: dx
COMPLEX, DIMENSION(1:SIZE(A)) :: AA, BB
INTEGER :: i
DO i=1, SIZE(A)
AA(i)=A(i)
BB(i)=B(i)
END DO
CALL fft(AA,-1, dx)
CALL fft(BB,-1, dx)
C=AA*BB
CALL fft(C, 1, 2.0*pi/dx/(SIZE(A)))
END SUBROUTINE Convolution
SUBROUTINE Correlation(A, B, C, dx)
!will not work if the size of the arrays is not an exponent of two
COMPLEX, DIMENSION(1:), INTENT(IN) :: A, B
COMPLEX, DIMENSION(1:), INTENT(OUT) :: C
REAL(16), INTENT(IN) :: dx
COMPLEX, DIMENSION(1:SIZE(A)) :: AA, BB
INTEGER :: i
DO i=1, SIZE(A)
AA(i)=A(i)
BB(i)=B(i)
END DO
CALL fft(AA,-1, dx)
CALL fft(BB,-1, dx)
DO i=1, SIZE(AA)
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AA(i)=CONJG(AA(i))
END DO
C=AA*BB
CALL fft(C, 1, 2.0*pi/dx/(SIZE(A)))
END SUBROUTINE Correlation
These subroutines in turn use the subroutine “FFT” described in Section B.2.
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Algorithm to Determine the Quasi
Phase Matching Grating
This Mathematica code calculates the correct angles and grating constant for noncollinear quasi phase matching in an arbitrary geometry:
Clear["Global‘*"]
phip = 0;
phis = 1.7872017112563798‘*2 Pi/360;
phii = -6*2 Pi/360;
phig = 0*2 Pi/360;
lambdap = 850/10^9;
lambdas = 1070 /10^9;
fp = 1/lambdap;
fs = 1/lambdas;
lambdai = N[1/(fp - fs)];
(*
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(*indeces for 443K and 850, 1070 nm*)
nop=2.250426;
nep=2.177156;
nos=2.232714;
nes=2.161552;
noi=2.107288;
nei=2.055501;
--------------------------*)
(*calculating index with sellmeier equation*)
T = 443;
NO[lambda_, T_] :=
4.9130 + (.1173 +
1.65*10^-8 T^2)/(lambda^2 - (.212 + 2.7*10^-8 T^2)^2) 2.78*10^-2 lambda^2
NE[lambda_, T_] :=
4.5567 + 2.605*10^-7 T^2 + (.097 +
2.7*10^-8 T^2)/(lambda^2 - (.201 + 5.4*10^-8 T^2)^2) 2.24*10^-2 lambda^2
nop = NO[lambdap*10^6, T];
nep = NE[lambdap*10^6, T];
nos = NO[lambdas*10^6, T];
nes = NE[lambdas*10^6, T];
noi = NO[lambdai*10^6, T];
nei = NE[lambdai*10^6, T];
(*--------------------------------------*)
np = 1/Sqrt[Cos[phip - phig]^2/nep + Sin[phip - phig]^2/nop];
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ns = 1/Sqrt[Cos[phis - phig]^2/nes + Sin[phis - phig]^2/nos];
ni = 1/Sqrt[Cos[phii - phig]^2/nei + Sin[phii - phig]^2/noi];
kp = (2 Pi*np)/lambdap;
ks = (2 Pi*ns)/lambdas;
ki = (2 Pi*ni)/lambdai;
For[missmatch = i = -1, Abs[missmatch] > 10^-5 &&

i < 100, i++,

kgx = kp N[Cos[phip]] - ks N[Cos[phis]] - ki N[Cos[phii]];
kgy = kp N[Sin[phip]] - ks N[Sin[phis]] - ki N[Sin[phii]];
kg = Sqrt[kgx^2 + kgy^2];
phig = ArcTan[kgy/kgx];
Print["Iteration ", i + 2, ":"];
Print["np:", np, ", ns:" , ns, ", ni:", ni];
Print["Magnitude and angle of grating vector: kg=", kg, ", phig=",
phig];
Print["Grating period in micron: ", g = 10^6*2 Pi/kg];
np = 1/Sqrt[Cos[phip - phig]^2/nep + Sin[phip - phig]^2/nop];
ns = 1/Sqrt[Cos[phis - phig]^2/nes + Sin[phis - phig]^2/nos];
ni = 1/Sqrt[Cos[phii - phig]^2/nei + Sin[phii - phig]^2/noi];
kp = (2 Pi*np)/lambdap;
ks = (2 Pi*ns)/lambdas;
ki = (2 Pi*ni)/lambdai;
(*test results*)
deltax = kp Cos[phip] - ks Cos[phis] - ki Cos[phii] - kg Cos[phig];
deltay = kp Sin[phip] - ks Sin[phis] - ki Sin[phii] - kg Sin[phig];
missmatch = Sqrt[deltax^2 + deltay^2];
Print["Phase mismatch (x,y)=(", deltax, ", ", deltay, ")."];
Print["Abs(PMissmatch)=", missmatch];
]
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Growth Uncertainties and DBR
Mirrors
This Matlab/Octave program calculates the peak reflectance of a DBR mirror with
5% uncertainty in layer thickness. It was written in collaboration with Mikael
Hosatte.
N=30;
M=[1 0; 0 1];
nh_AlGaAs=3.515; #x=0.2
nl_AlAs=3.010;
n0=3.515;
nt=3.667;
for t=1:10000
e=0.1*(rand(2*N,1)-0.5);
M=[1 0; 0 1];
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for p= 1:N
M=M*[cos(pi/2*(1+e(p,1)))

-I/nl_AlAs*sin(pi/2*(1+e(p,1)));

-I*nl_AlAs*sin(pi/2*(1+e(p,1))) cos(pi/2*(1+e(p,1)))]
*[cos(pi/2*(1+e(p+N,1))) -I/nh_AlGaAs*sin(pi/2*(1+e(p+N,1)));
-I*nh_AlGaAs*sin(pi/2*(1+e(p+N,1))) cos(pi/2*(1+e(p+N,1)))];
end
r=(M(1,1)*n0+M(1,2)*nt*n0-M(2,1)-M(2,2)*nt)
/(M(1,1)*n0+M(1,2)*nt*n0+M(2,1)+M(2,2)*nt);
R(t)=(abs(r))^2;
end
mean(R)
std(R)
x=[min(R):(max(R)-min(R))/100:max(R)];
figure();
plot(x, hist(R,101))#bad 31, good 51
title("Histogram for DBR reflectance with +-5%
error in layer thickness", "fontsize",25);
xlabel("Reflectance","fontsize",20);
ylabel("Count","fontsize",20);
data=[x’ hist(R,101)’];
save("dbr.dat","data");
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Appendix E
Important Rubidium Simulation
Code
E.1

Butcher ODE Solver

The available set of ODE solvers consists of a trivial Euler algorithm, that is mainly
for testing and demonstration purposes, a fourth order Runge-Kutta algorithm, and a
Butcher algorithm. All three algorithms also have special versions for solving systems
of differential equations. For brevity we only list the cod for the Butcher algorithm
for a single first order equation. The generalization to a system of equations was
developed and tested and is a straight forward generalization.
We begin with defining a data type that contains the data of the Butcher solver.
By saving all data this way, separate from the code, it will be possible to run several
solvers simultaneously in different parts of the program.
TYPE ButcherParameters_
COMPLEX :: prevy
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COMPLEX :: prevdy=(0.0,0.0)
DOUBLE PRECISION :: H1, H2, H3, H4, H5, H6, H7, H8, H9
DOUBLE PRECISION :: dt
INTEGER :: iterations=1
DOUBLE PRECISION :: error
LOGICAL :: firsttime=.TRUE.
END TYPE
To propagate the solution of the equation the subroutine “Butcher” is called
with a variable y, a time t the parameter set and a function f (y, t) that is to be
defined elsewhere and that contains the specific equation. The concept of passing a
function as argument to a subroutine is not often used in FORTRAN. It is described
in detail in FORTRAN95 reference books and on numerous web pages. It is similar in
functionality to c/c++ function pointers, but has some limitations. In this example
it serves the purpose of writing a differential equation solver that is independent of
the actual equation and can be reused and exchanged easily.
SUBROUTINE Butcher(y, t, pset, f)
!solves the differential equation dy/dx=f(y) using the Butcher
! algorhythm one call to this function advances the variable y
! by one timestep dt
COMPLEX, INTENT(INOUT) :: y !the independent variable
INTEGER, INTENT(IN) :: t !the absolute time in units of
!0.5*dt. this will be passed to f(y, t)
INTERFACE!the function f
COMPLEX FUNCTION f(y, t)
COMPLEX :: y
INTEGER :: t
END
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END INTERFACE
TYPE(ButcherParameters_), INTENT(INOUT) :: pset !a set of
!parameters that are needed by the algorhythm
COMPLEX :: yhalf, yfull, dy, dyhalf, dyfull, lastyfull
INTEGER :: i
IF(pset%firsttime) THEN !if subroutine is called for
!the first time
pset%firsttime=.FALSE.
pset%prevy=y
pset%prevdy=(0.0,0.0)
pset%H2=(3.0d0*(pset%DT))/8.0d0
pset%H1=3.0d0*pset%H2
pset%H3=(32.0d0/15.0d0)*pset%DT
pset%H4=4.0d0*pset%DT
pset%H5=(26.d0/15.d0)*pset%DT
pset%H9=pset%DT/93.d0
pset%H6=64.d0*pset%H9
pset%H7=15.d0*pset%H9
pset%H8=12.0*pset%H9
END IF
!predict halfpoint
dy=f(y, t)
yhalf= pset%prevy

+ pset%H1*dy

+ pset%H2*pset%prevdy

!use halfpoint to predict the next point
dyhalf=f(yhalf, t+1)
yfull= 28.0d0/5.0d0*y

- 23.0d0/5.0d0*pset%prevy &

+ pset%H3*dyhalf - pset%H4*dy

- pset%H5*pset%prevdy

!apply the corrector to the full point until it converges
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DO i=1, pset%iterations
dyfull=f(yfull, t+2)
lastyfull=yfull
yfull= 32.0d0/31.0d0*y - 1.0d0/31.0d0*pset%prevy &
+ pset%H6*dyhalf + pset%H7*dyfull + pset%H8*dy &
- pset%H9*pset%prevdy
END DO
pset%error=ABS(yfull-lastyfull)
pset%prevy=y
pset%prevdy=dy
y=yfull
END SUBROUTINE Butcher
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Index
4-level system, 136

citric acid etching, 161
corrected beat note, 96

ABCD matrix, 35
anti-reflection coating, 158, 166

DBR, see distributed bragg reflector

AR coating, see anti-reflection coating

dead band, 5

area, 58

density matrix, 136

auto stabilization, 135

DFG, see difference frequency generation

back scattering

difference frequency generation, 15, 20,

from PPLN facet, 106

51

back scattering measurement, 7

crystal, 24, 103

beat note, 2, 41, 114

focusing, 22

bandwidth, 2, 8, 10, 87
correction, 94

differential equation solver, 138

instability, 87

displacement measurement, 148

bias beat note, 7

distributed bragg reflector, 158, 163

bidirectionality, 68, 74, 109, 118

dithering, 6

birefringent phase matching, 16

double external VECSEL, 160

Brewster angle, 32

dye laser, 8, 76

Butcher method, 139

electric field, 58

carrier to envelope offset, 136

electric field measurement, 86

cavity, 35

electro-optic coefficient measurement,
86

center of mass, 57
CEO, see carrier to envelope offset

energy, 58
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Index
etching, 161

for electric field, 86

Euler method, 138

for electro-optic coefficient, 86
for imaging, 147

fast fourier transform, 55

for magnetic field, 2

four level system, 136

for nonlinear index, 89

full width at half maximum, 57

for rotation, 2, 172

FWHM, see full width at half maxi-

sensitivity, 87

mum

Kerr lens mode-locking, 48

Gabe, 35
Gaussian beam, 33, 94

laser gyroscope, see gyroscope

propagation, 35

length tuning, 43, 61

giant nonlinear index, 150

linear loss, 56

grating (QPM), 103

lock-in effect, 5

gyroscope, 2, 5, 172

magnetic field measurement, 2

harmonic pumping, 38, 41, 79

mean square deviation, 57

intracavity, 114

MQW, see multiple quantum well mir-

heat spreader, 161

ror

Heisenberg equation of motion, 136

MSQ, see mean square deviation

hidden ring, 69, 118

multiple quantum well mirror, 127

imaging, 147

noise

instability, 87

beat note, 87

intensity, 58

simulation, 56

interferometer, 1, 7, 41

non-collinear DFG, 31

intracavity interferometer, 1, 7, 41

nonlinear crystal, 17, 24

for air currents, 8

nonlinear index

for back scattering, 7

giant, 150

for displacement, 148

nonlinear index measurement, 89
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Index
nonlinear loss, 116

synchronously, 79

nyquist frequency, 55

synchronously pumped, 9, 38
threashold energy, 27

ODE, see ordinary differential equation

transient dynamics, 67

OPO, see optical parametric oscillator

two pulse, 36

optical parametric amplifier, 45

unidirectional, 68, 109, 118

optical parametric oscillator, 13

ordinary differential equation, 138

bidirectional, 68, 74, 109, 118

oxidation, 157

cavity, 35
crystal, 24

parameric oscillator, see optical para-

feedback, 11, 45, 65

metric oscillator

gain, 20

parametric amplification, see difference

gain crystal, 103

frequency generation

harmonically pumped, 38, 41, 79,

parametric down conversion, see differ-

114

ence frequency generation

instability, 61

parametric generation, see difference fre-

intracavity pumped, 11, 37, 41, 45,

quency generation

101

periodic poling, 17

alignment, 105

periodically poled lithium niobate, 17,

instability, 61, 65, 109

51, 79

stabilization, 72, 116

phase matching, 16

length missmatch, 61

non-collinear, 31

length tuning, 43, 61

phase missmatch, 16

nonlinear loss in, 74

phase transfer, 150

pulse energy, 25

power, 58

Q-switching, 65

PPLN, see periodically poled lithium
niobate

semiconductor pumped, 76
simulation, 45

predictor corrector method, 139

stabilization, 18

probe pulse, 1, 39, 42
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Index
pulse energy

scanning phase intracavity nanoscope,
147

of tapered amplifier laser, 131

second harmonic, 148

OPO threashold, 27
pulse recentering, 60

second harmonic generation, 28, 74, 116

pulse width, 55

semiconductor laser, 76, 121, 156

PULSTER, 77

signal 1 and 2, 39, 59, 68
single external VECSEL, 163

Q-switching, 45, 65

SPIN, see scanning phase intracavity

QPM, see quasi phase matching

nanoscope

quantum well, 159

TA, see tapered amplifier

quasi phase matching, 16, 17, 53
grating, 103

tapered amplifier, 122

non-collinear, 31

tapered amplifier laser, 121
alignment, 124

rate equation, 49, 50

mode-locking, 127

ray transfer matrix, 35

pulse energy, 131

recentering, 60

pulse width, 129

reference arm, 148

Q-switching, 129

reference pulse, 1, 39, 42

tuning, 131

reflectance, 158

thin film matrix, 157

reflectivity, 158

transient dynamics, 67

ring laser, 5, 172

transmissivity, 158

ring OPO, 172

transmittance, 158

rotation measurement, 2, 5, 172

unidirectionality, 68, 109, 118

rubidium, 135
Runge-Kutta method, 138

VECSEL, 122, 156

sample arm, 148

double external, 160

saturable absorber, 50

heat spreader, 161

saturable gain, 49

single external, 163
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Index
structure, 161, 165
Vertical software, 158
wet etching, 161
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